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PREFACE  TO  THE  THIRD  EDITION 


During  the  eighteen  years  since  the  first  edition  of  this  book 
was  written  there  have  been  great  advancements  in  water  works 
theory  and  practice,  especially  in  those  branches  having  to  do 
with  the  quality  of  water.  Consequently,  not  merely  a revising 
but  an  entire  rewriting  of  the  book  seemed  to  be  necessary,  if  it 
was  to  continue  to  be  of  any  service  to  water  works  students  and 
practitioners. 

In  the  present  edition  the  matter  treating  of  water  purifi- 
cation and  the  quality  of  water  has  been  entirely  rewritten  at 
much  greater  length;  that  describing  pumping  machinery  also 
is  practically  new  throughout;  and  hardly  a paragraph  of  the 
original  text  has  been  used  without  some  change  calculated  tp 
bring  the  subject  up  to  date.  This  resulted  in  considerably 
increasing  the  length  of  a work  that  was  already  too  long,  from 
some  points  of  view;  and  Part  II  of  the  first  two  editions,  deal- 
ing with  Construction,  has  been  condensed  to  a single  chapter, 
and  Part  HI,  dealing  with  Maintenance,  has  been  omitted 
altogether.  Also  the  chapter  on  Hydraulics  has  been  omitted, 
since  those  using  the  book  are  assumed  to  be  familiar  with  and 
to  possess  a text  book  discussing  the  principles  of  this  subject. 
Several  of  the  chapters  have  been  rearranged  so  as  to  present 
the  subject  matter  in  a somewhat  more  logical  order. 
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WATER-SUPPLY  ENGINEERING 


CHAPTER  I 
SYNOPSIS 

Article  1.  Sources  of  Supply 

All  mankind,  whether  wandering  savage,  isolated  pioneer, 
or  dweller  in  a crowded  city,  must  have  water  for  drinking, 
and  needs  it  for  cleansing  himself  and  his  belongings;  and 
under  many  circumstances  he  uses  it  for  irrigation,  for  power, 
or  in  manufacturing,  as  well  as  for  extinguishing  fires,  sprinkling 
lawns  and  streets,  flushing  sewers,  and  many  other  purposes. 
The  water  for  all  these  uses  can  have  but  one  first  source — 
the  moisture  in  the  atmosphere.  This  generally  becomes 
available  as  rain  or  snow,  but  dew  is  in  some  cases  an  impor- 
tant consideration. 

Water  falling  as  rain  or  snow  may  be  caught  before  reach- 
ing the  ground  and  stored  in  basins  or  cisterns  hewn  from 
the  rock,  dug  in  the  soil,  or  in  the  shape  of  tanks  of  wood,  metal 
or  masonry.  Or  it  may  be  taken  from  rivers  or  smaller  streams 
direct,  or  from  natural  reservoirs,  i.e.,  lakes;  or  the  streams 
may  be  intercepted  and  stored  in  large  artificial  reservoirs. 
Or  that  which  soaks  into  the  ground  may  be  obtained  by  wells, 
shallow  or  deep,  dug  or  driven;  or  at  its  emergence  from  the 
ground  in  the  form  of  springs. 

Art.  2.  Requisites  of  a Supply 

By  a water  supply  is  meant  the  water  that  is ’supplied  or 
brought,  generally  by  artificial  means,  to  the  point  or  points 
where  its  use  is  desired.  It  may  be  supplied  at  a power  house 
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for  operating  hydraulic  machinery,  at  a farm  for  irrigation, 
or  at  hundreds  and  thousands  of  fixtures  in  a city  for  house- 
hold or  manufacturing  purposes,  flushing  streets  and  sewers, 
extinguishing  fires  and  other  purposes  connected  with  the 
complex  life  of  the  citizens. 

Each  of  these  purposes  has  its  individual  requisites.  For 
flushing  streets  and  sewers  and  extinguishing  fires,  the  chief 
ones  are  volume  and  ready  accessibihty,  although  considerable 
pressure  at  the  outlet  is  generally  desirable  for  the  last.  How- 
ever, any  considerable  amount  of  suspended  matter  (clay, 
leaves,  etc.)  is  objectionable.  For  manufacturing  purposes  a 
clear  water  is  necessary  in  many  cases,  and  in  some  the  presence 
of  certain  matters  in  solution  may  be  highly  objectionable, 
while  on  the  other  hand  that  of  certain  others  may  be  desirable. 
For  general  household  purposes  a clear  and  fairly  pure  water 
is  very  desirable,  and  for  drinking  and  use  in  connection  with 
food  the  water  should  be  entirely  free  from  matters  which 
may  cause  sickness  or  physical  disorders  of  any  kind.  Each 
of  these  uses  also  has  its  special  needs  as  to  quantity. 

Aside  from  quafity  and  quantity,  the  principal  character- 
istic of  a supply  is  convenience  of  the  consumers  in  obtaining 
and  using  it.  In  many  European  cities  and  a few  American 
ones  there  are  neighborhood  conveniences — fountains,  pumps, 
wells,  etc. — from  which  the  residents  in  the  vicinity  obtain 
their  supply  in  pails  or  other  receptacles;  but  modern  civil- 
ization looks  upon  at  least  one  outlet  in  each  house  as  a necessity, 
and  most  houses  have  many  such.  For  fire  extinguishing, 
fire  hydrants  at  intervals  of  a few  hundred  feet  are  demanded, 
although  cisterns  from  which  water  can  be  drawn  are  still 
used  to  some  extent.  And  for  other  uses,  special  forms  of 
outlet  are  provided.  In  cities  the  water  must  be  forced  to 
and  out  of  these  various  outlets,  even  when  they  are  on  ele- 
vated land  and  the  top  floors  of  buildings. 

We  have,  therefore,  as  the  chief  requisites  quality,  quantity, 
and  convenience  for  utilization. 
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Art.  3.  Elements  of  a System 

Before  considering  in  detail  the  designing  of  a system  for 
supplying  water,  it  will  be  well  to  understand  what  elements 
go  to  make  up  the  complex  whole,  in  order  that  the  inter- 
relation of  each  with  all  the  others  may  be  understood.  These 
elements  may  be  classified  under  the  following  heads: 

(1)  Head  works.  Those  necessary  for  bringing  the  supply 
under  control  and  directing  it  into  suitable  conduits.  These 
include  dams,  head-gates,  impounding  reservoirs,  and  the 
tributary  catchment  areas;  wells;  intakes  in  streams  or  lakes; 
pumps. 

(2)  Purification  plants,  for  improving  the  quality  of  the 
water  where  this  is  necessary.  (These  might  be  included  under 
head  works,  but  are  of  such  importance  as  to  warrant  a sep- 
arate classification.) 

(3)  Regulating  reservoirs.  Reservoirs  and  standpipes  for 
controlling  the  pressure  and  rate  of  supply. 

(4)  Distribution  system.  Conduits  for  conducting  the  supply 
to  the  points  of  service,  both  open  conduits  and  pipe  lines; 
also  service  appurtenances,  such  as  faucets,  fire  hydrants,  meters, 
penstocks  for  power  plants,  and  other  appliances  and  features 
for  special  uses. 

Each  of  these  will  vary  in  magnitude  and  complexity  with 
the  volume  of  water  dealt  with  and  other  conditions  of  the 
problem. 

Head  Works.  The  water  falling  as  rain  is  received  on  a 
catchment  area  (sometimes  called  watershed)  where  it  flows 
by  gravity  to  streams,  or  soaks  into  the  ground  to  reappear 
as  springs  or  be  drawn  from  it  by  wells.  * The  catchment  area 
for  a single  family  collecting  its  own  supply  may  be  the  roof 
of  the  house;  for  a large  city  it  may  contain  hundreds  of  acres, 
which  drain  to  streams  whose  flow  is  caught  and  retained  in 
one  or  more  impounding  reservoirs.  Or,  if  the  supply  is  drawn 
from  a large  river  or  lake,  the  catchment  area  includes  the  entire 
section  that  drains  to  the  river  or  lake  above  the  point  of  intake. 
In  the  case  of  a well,  the  catchment  area  is  the  country,  some- 
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times  hundreds  of  miles  in  extent,  which  supplies,  by  the  seep- 
age into  it,  the  underground  flow  which  the  well  taps. 

Where  the  water  is  impounded,  a reservoir  for  this  pur- 
pose must  be  constructed,  and  provision  made  for  withdrawing 
the  water  into  the  distribution  system.  If  the  water  is  from 
a lake  or  deep  river,  an  intake  pipe  leads  it  to  the  distribution 
system  or  to  a pumping  plant,  this  pipe  terminating  at  its  outer 
end  in  an  intake,  a more  or  less  elaborate  structure  for  con- 
trolling the  entering  of  the  water  into  the  intake  pipe.  If 
the  water  is  drawn  from  a well,  it  may  be  necessary  to  pump 
the  water  to  the  surface  of  the  ground,  or  it  may  flow  of  itself 
into  a surface  pipe;  which  pipe  connects  with  the  pumping 
plant  when  pumping  is  necessary,  as  it  almost  always  is.  In 
case  the  supply  is  obtained  from  a spring,  this  is  generally  en- 
larged into  a basin  or  small  reservoir,  from  which  it  is  piped. 
Underground  water  may  be  intercepted  in  other  ways  also, 
which  will  be  described  in  the  appropriate  place. 

Where  the  impounding  reservoir,  stream,  lake,  well,  or  other 
point  where  the  water  is  first  brought  under  control  and  inter- 
cepted is  not  sufficiently  high  to  force  the  water  by  gravity  to 
the  point  of  utilization  and  furnish  sufficient  pressure  there, 
pumping  must  be  employed. 

Purification  Plants.  If  the  water  is  not  suitable  in  quality 
for  the  purposes  for  which  it  is  to  be  used,  it  should  be  made 
so  by  proper  treatment,  physical,  chemical,  and  bacteriological. 
This  treatment  is  not  strictly  “purification,”  but  is  called  so 
for  convenience;  it  is  generally  a removal  of  a part  or  all  of  certain 
of  the  matters  carried  in  suspension  or  solution,  but  is  often 
a mere  modification  of  contained  matters  into  unobjectionable 
forms  or  conditions.  The  plants  for  so  treating  the  water 
are  generally  placed  adjacent  to  the  head  works,  but  may  be 
anywhere  between  these  and  the  point  where  the  supply  is 
first  utilized. 

Regulating  Reservoirs.  The  head  works  may  be  located  at 
such  an  elevation  above  the  city  or  other  point  of  utilization 
as  to  give  an  undesirable  pressure  in  the  pipes  at  such  point; 
in  which  case  the  water  may  be  carried  from  the  head  works 
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to  a distributing  reservoir  or  standpipe  so  situated  as  to  give 
the  pressure  desired.  Or  the  water  may  be  pumped  to  the  dis- 
tribution system ; in  which  case  a reservoir  or  standpipe  is  desir- 
able to  maintain  the  pressure  constant,  to  store  water  for 
emergency  use  (such  as  fires)  at  a rate  greater  than  the  pumps 
can  supply  it,  and  to  maintain  the  supply  while  the  pumps 
are  idle. 

If  the  flow  of  the  stream  that  furnishes  the  supply  falls 
below  the  rate  of  consumption  at  any  time,  there  should  be 
a supplementary  supply'  to  make  up  the  deficiency.  This  is 
best  provided  by  storing  up  the  surplus  flow  at  the  times  when 
the  stream  supplies  more  than  is  being  consumed.  Reservoirs 
for  so  equalizing  the  supply  are  called  storage  reservoirs.  Every 
impounding  reservoir  is  more  or  less  of  a storage  reservoir 
also;  but  in  many  cases  special  storage  reservoirs  must  be 
provided  for  this  purpose  alone. 

There  are  also  numerous  other  purposes  connected  with 
regulating  the  supply  for  which  reservoirs  and  standpipes 
are  used. 

Distribution  System.  This  generally  consists  of  pipes; 
although  for  irrigation,  canals  and  ditches  comprise  a large 
part;  and  canals,  flumes,  tunnels  and  other  forms  of  conduit 
are  used  in  many  cases  between  head  works  and  distributing 
reservoir  or  as  parts  of  the  head  works.  These  must  be  designed 
of  the  size  which  will  carry  the  amount  of  water  required,  and 
of  a strength  to  resist  the  pressure  of  the  contained  water, 
without  an  unnecessary  sacrifice  of  economy. 

In  • general,  all  of  the  elements  of  a water- works  system 
must  be  designed  to  harmonize  and  supplement  each  other 
most  effectively.  In  some  cases  one  feature  may  do  duty  in 
several  ways;  an  impounding  reservoir,  for  instance,  may 
serve  also  not  only  as  a storage  reservoir,  but  as  an  element 
of  the  purification  plant — a sedimentation  basin — as  well. 
All  of  the  elements  should  work  cooperatively  toward  the  one 
end — the  supplying  of  water  of  a desirable  quality,  in  the 
desired  quantities,  in  a way  and  under  conditions  making  for 
convenience  and  safety  of  the  consumers. 


CHAPTER  II 


REQUISITES  OF  A SUPPLY.  QUANTITY 

Art.  4.  Total  Annual  Rate 

The  designing  of  most  of  the  individual  features  of  a water- 
works system — pumps,  reservoir,  mains,  etc. — is  based  upon  some 
quantity  of  water  assumed  or  estimated  as  that  required  to 
meet  the  needs  of  the  city.  But  different  quantities  are  used 
in  the  calculations  of  the  several  features,  for  reasons  to  be 
explained. 

Every  part  of  a permanent  plant  must  be  designed  to  meet 
the  needs  of  some  future  time,  and  since  the  city  and  its  de- 
mands for  water  service  are  constantly  growing,  the  future 
needs  will  be  greater  than  the  present.  How  distant  a future 
should  be  provided  for  must  be  determined  separately  for 
each  part  of  the  plant.  In  general,  it  may  be  said  that  it  is 
wasteful  to  provide  a capacity  that  will  not  be  reached  before  , 
the  structure  or  appliance  in  question  has  been  worn  out  or  j 

before  the  time  arrives  when  it  should  be  replaced  by  some  j 

more  efficient  or  effective  substitute.  Also,  it  will  not  generally  j 

be  economical  to  provide  a pump  or  other  machine  of  a capacity  j 

so  beyond  its  present  requirements  that  its  present  operation  < 
is  uneconomical.  On  the  other  hand,  it  is  uneconomical  to  ; 

provide  a pump,  pipe  line,  etc.,  so  small  that  it  must  be  dupli-  j 

cated  in  too  short  time.  The  determination  of  the  length  of  : 
time  to  be  provided  for  will  be  discussed  in  a following  article. 

The  quantity  will  be  expressed  in  gallons  per  minute,  hour,  ’ 
day,  week,  year,  or  number  of  years,  according  to  the  use  to 
be  made  of  the  quantity.  The  rate  per  minute  at  which  water 
is  used  at  a fire  is  not  often  continued  for  more  than  an  hour  j 

or  two  (ten  hours  is  considered  the  maximum  time  by  the  j 

National  Board  of  Fire  Underwriters);  and  differs  enormously  ^ 
from  that  of  domestic  consumption  calculated  by  the  day. 
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And  the  maximum  daily  consumption  is  much  greater  than  the 
average  for  a year.  But  each  of  these  and  other  rates  are  used 
in  the  different  calculations  in  the  preparation  of  the  plan. 

A public  supply  is  used  for  a great  variety  of  purposes. 
The  amount  of  water  actually  drunk  seldom  exceeds  i per 
cent  of  the  consumption.  About  25  to  50  per  cent  is  ordinarily 
used  for  household  purposes  (including  lawn  sprinkling,  washing, 
etc.).  This  is  called  domestic  use.  The  non-domestic  uses 
are  classified  by  the  American  Water  Works  Association  as 
Industrial  (factories,  railroads,  etc.).  Commercial  (stores, 
saloons,  stables,  hotels,  etc.),  and  Public  (fire  protection,  street 
sprinkling,  sewer  flushing,  public  buildings,  schools,  fountains, 
etc.).  In  addition,  there  is  an  amount  that  is  Unaccounted 
For,  largely  leakage  from  pipes  and  fixtures  or  other  parts  of 
the  system. 

Domestic  use  is  often  assumed  to  vary  directly  as  the  pop- 
ulation, but  this  is  seldom  the  case,  especially  with  small  cities. 
For  as  a city  grows,  a larger  percentage  of  the  population  uses 
the  public  supply,  and  each  consum^er  is  more  lavish  in  his 
use,  partly  because  he  introduces  more  plumbing  fixtures  into 
his  house.  This  is  illustrated  in  Table  No.  1,  prepared  from 
figures  collected  by  the  University  of  Iowa,  in  which  are  given 
data  concerning  30  Iowa  cities,  arranged  in  the  order  of  size 
of  population.  Of  the  ten  largest,  72.6  per  cent  of  the  popu- 
lation used  the  public  supply,  while  of  the  ten  smallest  only 
53.2  per  cent  used  it.  Domestic  consumption  may,  however, 
be  assumed  to  be  a function  of  population  only,  but  increasing 
by  a power  somewhat  greater  than  the  first.  . 

Domestic  (and  also  other)  consumption  is  generally  expressed 
in  gallons  per  capita  of  population  per  day,  averaging  the  days 
for  an  entire  year — obtained  by  dividing  the  average  total 
domestic  consumption  for  one  day  by  the  total  population. 
A more  useful  plan  is  to  divide  such  average  total  domestic 
consumption  by  the  number  of  consumers  (i.e.,  those  living 
in  residences  in  which  the  public  supply  is  used) ; but  it  is  dif- 
ficult to  ascertain  the  number  of  such  users,  and  this  practice 
is  by  no  means  common,  but  is  increasing. 
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Table  No.  1 

CONSUMPTION  OF  WATER  IN  IOWA  CITIES  IN  1914 


Name  of 
City. 

Estimated 
Population 
in  1914. 

Estimated 
Per  Cent  of 
Population 
Reached 
by  Mains. 

Estimated 
Per  Cent  of 
Population 
Using 
Water. 

Total  Gals,  per  Day. 

Per  Capita 
of  Water 
Users  Less 
Large 
Con- 
sumers, t 

Per  Capita 
of  Total 
Population. 

Per  Capita 
of  Water 

U sers. 

Sioux  City 

50,000 

80 

66 

56 

84 

84 

Davenport 

45.500 

100 

85 

88 

103 

103 

Waterloo 

32,000 

82 

75 

42 

55 

55 

Burlington. ; . . . 

24,000 

95 

90 

95 

105 

97 

Fort  Dodge. . . . 

20,000 

90 

90 

55 

61 

Muscatine 

18,000 

69 

50 

71 

1.+1 

134 

Keokuk 

16,000 

90 

75 

83 

III 

107 

Iowa  City 

14.500 

80 

75 

120 

160 

154 

Mason  City. . . . 

16,000 

81 

56 

55 

98 

66 

Marshalltown.  . 

14,000 

100 

99 

114 

115 

60 

Boone 

12,000 

40 

40 

94 

235 

138 

Creston 

8,000 

75 

45 

75 

167 

154 

Charles  City.  . . 

7,000 

70 

64 

47 

73 

49 

Cedar  Falls. . . . 

7,000 

95 

78 

67 

88 

88 

Cherokee 

5.000 

90 

67 

36* 

43* 

51* 

Red  Oak 

5.000 

100 

100 

60 

60 

Le  Mars 

5.000 

95 

90 

150* 

167* 

160* 

Clarinda 

4.500 

75 

67 

30* 

44* 

44* 

Waverly 

4,000 

75 

50 

41* 

82* 

62* 

Spencer 

4,000 

67 

50 

38* 

75* 

75* 

Sheldon 

3.200 

78 

62 

Algona 

3.200 

78 

62 

28* 

45* 

45* 

Osceola 

2,800 

43 

32 

14* 

44* 

Sac  City 

2,700 

74 

74 

28 

38 

38 

Storm  Lake. . . . 

2,500 

95 

75 

80* 

106* 

77* 

Villisca 

2,300 

35 

35 

12* 

34*  • 

30* 

Rockwell  City.. 

1,800 

49 

49 

47* 

93* 

61* 

Sibley 

1.700 

100 

35 

34* 

83* 

83* 

Spirit  Lake .... 

1.700 

59 

41 

41* 

100* 

80* 

* Consumption  estimated  only. 

t In  calculating  this  column  the  total  consumption  was  diminished  by  subtracting  from 
it  the  amounts  used  by  railroads  and  large  manufacturing  consumers. 


The  consumption  per  user  or  per  capita  of  population  may 
generally  be  greatly  diminished  by  restricting  waste  by  the  use 
of  meters  or  other  means.  Where  these  are  introduced  there 
is  generally  a drop  in  total  consumption  during  the  time  of 
introduction,  but  the  increase  due  to  the  growth  of  the  city  soon 
begins  at  about  the  same  rate  as  before,  although  the  quan- 
tities continue  less  than  would  have  been  the  case  had  meters 
not  been  used. 

The  per  capita  consumption  in  different  cities  varies  widely. 
Very  few  reliable  figures  for  domestic  consumption  are  avail- 
able, most  cities  knowing  only  the  total  consumption  for  all 
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uses,  and  many  having  only  a very  indefinite  idea  of  this.  In 
Table  No.  2 are  given  the  domestic  rates  for  14  cities  which 
metered  practically  all  their  consumption,  and  for  one,  for 


Table  No.  2 

ANALYSIS  OF  WATER  CONSUMPTION  IN  1914  IN  CITIES  ALMOST 
WHOLLY  METERED 

From  report  of  Committee  on  Water  Consumption  of  American  Water  Works 

Association 


City. 

Population. 

Per  Cent  of  Services  Metered. 

Per  Cent  Minimum  Night 

Rate  is  of  Day  Rate. 

Consumption  per 
Capita  per  Day. 

Total  Un- 
accounted 

FOR 

Total. 

Metered  Industrial. 

Metered  Commer- 
cial. 

1 Metered  Public. 

Metered  Domestic. 

Per  Cent. 

Gals,  per  Capita. 

Milwaukee,  Wis . 

430,000 

99-4 

62  5 

Ill  .4 

41.4 

32.0 

5-6 

New  Orleans,  La. 

360,000 

99-7 

57-2 

* 

13.0 

3-2 

16.8 

37 

24.  2 

Rochester,  N.  Y. 

250,000 

99-5 

42.0 

95-0 

18.3 

12.2 

4-8 

31.2 

30 

29-S 

Utica,  N.  Y 

95,000 

99-3 

78.7 

41.9 

2. 2 

20.9 

18 

13-7 

San  Diego,  Cal. . 

85,000 

100.0 

80.6 

7-2 

12.  I 

9.6 

36.1 

19 

15-6 

Wilkinsburg,  Pa. 

80,000 

99.0 

107.0 

59-6 

2.4 

25-5 

18 

19-5 

Buffalo  suburbs . 

50,000 

100.0 

131-5 

98.5 

8.8 

18 

24.2 

Lexington,  Ky.  . 

40,000 

100.0 

42.5 

62. 1 

18.0 

16.0 

8.4 

16.8 

5 

3-0 

Saginaw,  Michf. 

39,600 

4-1 

333-7 

22.3 

7-4 

45-0 

Madison,  Wis. . . 

27,000 

99.2 

14. 1 

79-0 

6. 1 

6-5 

3-4 

35-3 

36 

27-7 

Oak  Park,  111 . . . 

26,000 

100.0 

44-5 

69.0 

8.6 

1-7 

2-5 

52.4 

6 

3-8 

Pine  Bluff,  Ark. . 

16,000 

100.0 

83.8 

71 . 6 

* 

7-5 

12.3 

72 

51-8 

Elyria,  0 

16,000 

100.0 

38.3 

121 . 1 

47-0 

7-2 

5-6 

38.8 

18 

22.5 

Corning,  N.  Y.  . 

14,900 

99.0 

16.0 

83-3 

16.  7 

7-2 

1-4 

58.0 

Monroe,  Wis. . . . 

3,000 

100.0 

56.0 

79.0 

38.5 

33-3 

9 

7.2 

Mean 

44.4 

87.6 

29.4 

10.5 

4-5 

29-7 

24 

* Included  in  commercial. 

t Introduced  as  an  extreme  case  of  comparatively  unmetered  service  with  high  con- 
sumption. 


comparison,  that  metered  ‘‘very  little.”  These  are  seen  to 
vary  from  8.8  gallons  to  58.5  per  capita  per  day.  The  figures 
in  this  table  are  probably  more  reliable  than'  those  most  com- 
monly found  in  consumption  tables.  Taking  the  14  cities  in 
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which  99  per  cent  or  more  of  the  services  are  metered,  and 
which  are  therefore  most  reliable,  we  find  the  domestic  con- 
sumption to  average  29.8  gallons  per  capita  per  day.  In  gen- 
eral, it  is  probable  that  the  domestic  consumption  of  most 
cities  lies  between  20  and  50  gallons  per  capita  per  day,  with 
15  and  100  the  extremes,  except  for  a few  cases  of  excessive 
waste.  Where  domestic  consumption  exceeds  30  or  40  gallons, 
the  surplus  is  generally  waste  (see  Art.  6). 

Industrial  consumption  has  little  relation  to  population, 
except  that,  while  the  nature  of  the  industries  in  a given  com- 
munity largely  occupied  in  manufacturing  remain  the  same, 
total  amount  of  manufacturing  and  consequent  use  of  water 
therein  increase  at  about  the  same  rate  as  population.  But 
no  comparison  in  this  respect  can  be -made  between  communities 
in  which  manufacturing  conditions  differ. 

Commercial  consumption  bears  a more  uniform  relation  to 
population.  Comparatively  few  figures  are  available,  but 
apparently  between  5 and  15  gallons  per  capita  of  total  popu- 
lation is  common. 

Public  use  varies  with  the  length  of  sewers  flushed,  area  of 
streets  sprinkled  and  flushed,  number  of  fountains  and  drink- 
ing troughs,  and  especially  with  the  amount  used  in  schools 
and  other  public  buildings,  in  which  millions  of  gallons  are  often 
wasted  daily.  The  amount  used  in  extinguishing  fires  in  a 
year  is  generally  less  than  i per  cent  of  the  supply  and  may 
be  disregarded.  Many  cities  that  meter  all  other  supplies  do 
not  meter  that  furnished  free  for  city  uses,  and  this  amount 
is  thus  often  included  in  the  “unaccounted  for”  water.  Public 
use  probably  lies  ordinarily  between  3 and  15  gallons  per  capita 
per  day,  increasing  as  the  city  grows,  because  sewerage  and 
other  public  services  are  more  general  in  a large  than  in  a 
small  city. 

Unaccounted  for  water  may  include  and  total  up  to  almost 
anything.  As  used  here,  it  means  the  water  which  is  believed 
to  be  delivered  to  the  distribution  system,  less  that  which, 
with  all  services  metered,  is  recorded  by  such  meters.  That 
is,  it  is  the  water  that  escapes  underground  from  leaks,  or  goes 
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through  the  meters  without  being  recorded,  and  possibly  may 
include  an  error  in  the  amount  believed  to  be  delivered  to  the 
mains.  The  last  may  be  inaccuracy  in  the  meter  through  which 
the  entire  supply  passes  at  distributing  reservoir  or  pumping 
station  (where  there  is  such  a meter,  as  there  always  should 
be),  or  erroneous  estimate  of  slip  of  pump.  Most  pumps  con- 
tain counters  that  record  the  number  of  strokes.  Theoretically 
a given  pump  delivers  a certain  amount  of  water  at  each  stroke; 
practically  the  amount  is  less  than  this  by  at  least  i or  2 per 
cent  in  a new  pump,  by  5 to  10  per  cent  in  most  pumps  after  a 
year  or  two  of  service,  and  has  been  found  as  high  as  50  to 
75  per  cent  in  badly  worn  pumps.  This  difference  between 
theoretical  and  actual  pumpage  is  called  ‘‘slip.”  The  service 
meters  (those  on  the  lines  delivering  water  to  individual  build- 
ings) are  generally  correct  within  i per  cent  when  new,  but 
they  may  under-register  when  worn,  clogged  with  sediment, 
or  broken,  and  thus  fail  to  record  all  the  water  passing  through 
them. 

The  escape  of  water  underground  is  a more  serious  matter, 
because  it  benefits  no  one — in  fact  often  does  damage,  and  is 
very  difficult  to  remedy.  It  is  generally  the  leakage  from 
joints,  or  from  cracked  pipe  or  other  defects  in  the  distribution 
system.  (See  Art.  6,  “Waste  of  Water.”)  It  is  approximately 
proportional  to  the  length  and  size  of  the  pipe  line'  and  is  fre- 
quently expressed  in  terms  of  “inch-mile”  per  day,  that  is, 
the  number  of  gallons  of  leakage  per  day  divided  by  the  product 
of  the  number  of  miles  of  pipe  and  inches  in  diameter.  Under- 
ground leakage  is  seldom  less  than  100  gallons  per  inch-mile 
per  day,  and  may  amount  to  10,000  or  more.  As  the  mileage 
of  line  varies  in  a general  way  with  the  population  served  (see 
Table  No.  44),  leakage  also  may  be  expressed  in  terms  of  gallons 
per  capita  per  day.  It  is  seldom  less  than  2 gallons  per  capita 
per  day,  and  may  run  as  high  as  50. 

Total  Consumption.  Combining  these  several  classes  of 
consumption,  and  using  the  rates  more  commonly  found,  we 
have  the  following: 
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Domestic 20  to  50  gallons 

Commercial 5 to  15  gallons 

Public 3 to  15  gallons 

Unaccounted  for 2 to  20  gallons 


Total 30  to  100  gallons 

In  addition  there  may  be  considerable  amounts  used  for 
industrial  purposes;  although  where  this  is  large,  the  indus- 
tries may  obtain  their  own  supplies  rather  than  purchase  from 
the  public  supply.  Some  engineers,  planning  for  thirty  to  fifty 
years  ahead  for  large  cities,  have  considered  150  gallons  as  a 
safely  high  estimate,  including  industrial  with  all  others. 

Having  made  as  intelligent  estimates  as  possible  of  each 
of  the  above  and  the  total  daily  consumption  per  capita,  the 
total  consumption  for  the  year  will  be  365  times  this,  times 
the  estimated  population.  If  it  is  a matter  of  extending  an 
existing  system,  careful  measurements  of  actual  consumption 
should  be  made  over  as  long  a period  as  possible,  classifying 
uses  as  above,  finding  night  consumption  (which  is  largely 
leakage),  and  determining  as  far  as  possible  all  local  conditions 
that  affect  consumption;  and  on  the  basis  of  this  study  and  the 
principles  above  outlined,  estimate  the  future  consumption. 


Art.  5.  Consumption  for  Short  Periods 

The  consumption  referred  to  in  the  previous  articles  is  the 
average  daily  consumption.  The  actual  rate  of  consumption 
will  vary  from  month  to  month,  day  to  day,  and  hour  to  hour. 
The  maximum  consumption  will  generally  be  in  the  dryest 
summer  weather  in  suburban  sections,  where  it  is  used  in  lawn 
and  street  sprinkling;  but  frequently  occurs  in  very  cold  weather 
in  urban  districts,  due  to  waste  through  faucets  at  night  to 
prevent  freezing.  The  monthly  rate  will  generally  exceed  the 
annual  by  about  15  to  30  per  cent.  No  figures  are  available 
for  maximum  rates  for  the  several  uses.  The  industrial  rates 
will  probably  be  quite  constant,  and  the  commercial  rates 
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fairly  so,  except  for  the  cold- weather  maximum.  Public  use 
will  increase  in  summer  because  of  use  for  sprinkling  streets 
and  parks,  for  fountains,  etc.  “ Unaccounted  for”  will  be 
quite  uniform  throughout  the  year.  Most  of  the  variation 
will  be  in  the  domestic,  but  less  in  the  monthly  than  in  the 
daily  and  hourly  rate. 

The  day  of  the  week  makes  little  difference  in  the  rates  of 
commercial,  industrial,  and  public  use,  except  that  the  two 
latter  drop  to  almost  nothing  on  Sunday,  and  commercial  also 
except  for  that  used  in  hotels,  drug  stores,  stables,  and  a few 
other  establishments.  School  use  is  low  on  Saturday  also. 
Domestic  use  is  generally  greatest  on  Monday  (wash  day). 
As  an  approximate  average  it  may  be  said  that  the  maximum 
daily  rate  in  any  given  city  may  be  50  to  100  per  cent  greater 
than  the  average  daily  for  the  year. 

The  maximum  hourly  rate  will  probably  be  that  when  a 
large  fire  occurs  coincident  with  a general  maximum.  All 
services  but  “unaccounted  for”  are  much  higher  between 
5 A.M.  and  7 p.M.  than  at  night.  In  most  cities  the  rate  begins 
to  rise  about  4 A.M.,  reaching  a maximum  about  8 or  9;  drop- 
ping considerably  between  12  and  i,  and  remaining  high  between 
I and  6;  from  which  hour  it  continues  falling  until  sometime 
between  10  and  2,  depending  upon  the  local  habits  as  to  bed- 
time. From  this  last  hour  until  about  4 or  5 the  consumption 
is  a minimum;  in  some  cities  it  is  almost  exclusively  leakage 
in  distribution  system  and  leakage  and  waste  in  house  plumbing. 

The  rate  in  a large  city  is  not  greatly  increased  by  a small 
fire,  and  even  the  great  Baltimore  fire  did  not  double  the  rate 
of  consumption.  In  a small  city  or  town,  however,  the  amount 
used  at  a fire  may  be  several  times  the  total  consumption  for 
a day,  and  the  maximum  water  consumption  per  minute  during 
the  fire  may  be  many  times  the  rate  per  minute  of  ordinary 
consumption.  Each  fire  stream  generally  throws  between  175 
and  250  gallons  per  minute,  depending  upon  pressure  and  size 
of  nozzle.  The  number  of  fire-streams  of  such  size  that  should 
be  provided  for  in  American  cities  of  various  magnitudes  is 
considered  by  different  authorities  to  be  as  follows: 
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Table  No.  3 

NUMBER  OF  FIRE-STREAMS  REQUIRED  SIMULTANEOUSLY  IN  CITIES 
OF  VARIOUS  MAGNITUDES 


Population. 

Freeman. 

Shedd. 

Fanning. 

Kuichling. 

Gallons  per 
Minute 
by  Freeman. 

Gallons  per 
Minute  per 
1000  Pop. 

1,000 

2-3 

3 

350-750 

350-750 

4,000 

(4-6) 

7 

6 

700-1500 

175-375 

5,000 

4-8 

5 

6 

700—2000 

140-400 

10,000 

6-12 

7 

10 

9 

1050-3000 

105-300 

20,000 

8-15 

10 

12 

1400-3750 

70-190 

40,000 

12-18 

14 

18 

2100-4500 

52-110 

50,000 

(14-20) 

14 

20 

2450-5000 

49-100 

60,000 

15-22 

17 

22 

2625-5500 

44-  90 

100,000 

20-30 

22 

18 

23 

3500-7500 

35-  75 

150,000 

(24-36) 

25 

34 

4200-9000 

28-  60 

180,000 

(27-40) 

30 

38 

4725-10000 

26-  55 

200,000 

30-50 

40 

5250-12500 

26-  62 

The  National  Board  of  Fire  Underwriters,  in  December, 
1916,  adopted  the  following  as  the  standard  requirements  on 
which  they  base  fire  insurance : 


Table  No.  4 


REQUIRED  FIRE  FLOW,  NATIONAL  BOARD  OF  FIRE  UNDERWRITERS 


Population. 

Required  Fire  Flow, 
Gallons  per  Minute 
for  Average  City. 

Population. 

Required  Fire  Flow, 
Gallons  per  Minute 
for  Average  City. 

1,000 

1000 

28,000 

5,000 

2,000 

1500 

40,000 

6,000 

. 4,000 

2000 

60,000 

7,000 

6,000 

2500 

80,000 

8,000 

10,000 

3000 

100,000 

9,000 

13,000 

3500 

125,000 

10,000 

17,000 

4000 

150,000 

11,000 

22,000 

4500 

200,000 

12,000 

Over  200,000  population,  12,000  gallons  a minute,  with  2000  to  8000  gallons 
additional  for  a second  fire. 

In  residential  districts  the  required  fire  flow  depends  upon  the  character  and 
congestion  of  the  buildings.  Sections  where  buildings  are  small  and  of  low  height, 
and  with  about  one-third  the  lots  in  a block  built  upon,  require  not  less  than 
500  gallons  a minute;  with  larger  or  higher  buildings  up  to  1000  gallons  is  re- 
quired, and  where  the  district  is  closely  built,  or  buildings  approach  the  dimen- 
sion of  hotels  or  high  value  residences,  1500  to  3000  gallons  is  required,  with 
up  to  6000  gallons  in  densely  built  sections  of  3-story  buildings. 


Average  Percentage  of  Annual  Rate 
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The  amounts  given  above  probably  would  be  demanded 
only  at  intervals  of  many  years;  but  when  needed,  they  may 
be  necessary  to  prevent  the  entire  destruction  of  the  city. 

Districts.  The  figures  for  fire  streams  apply  to  districts 
as  well  as  to  cities.  That  is,  the  high  rate  recommended  for 
a town  of  looo  population  should  be  pro\'ided  for  a district 
containing  that  population  in  a large  city  where  the  average 
rate  for  the.  city  is  only  one- tenth  as  great.  This  is  an  im- 
portant consideration  in  determining  the  sizes  of  the  pipes  of 
the  distribution  system. 

It  is  also  important  to  consider  in  this  connection  the  dis- 
tricts where  large  industrial  consumption  will  occur,  such  as 
railroad  yards,  where  the  public  supply  will  be  used  for  fill- 
ing locomotive  boilers.  As  to  domestic  consumption,  Dexter 
Bracket  found  in  Boston  a rate  of  59  gallons  per  capita  in  the 
highest-cost  apartment  houses,  46  in  first-class  apartments^ 
and  16.6  in  the  poorest  class. 

Art.  6.  Waste  of  Water 

There  are  very  few  cities  in  which  a yearly  average  of  75 
gallons  per  capita  per  day  is  not  sufficient  for  all  uses,  and 
in  most  cities  where  the  consumption  exceeds  this  it  might 
be  brought  wdthin  this  limit  by  proper  treatment.  This  being 
the  case,  it  is  e\ddent  that  there  must  be  a great  amount  of 
water  wasted  in  many  cities.  In  New  York  City  this  appears 
to  be  about  40  gallons,  in  Detroit  50,  and  in  Philadelphia 
more  than  140  gallons  per  capita  daily.  If  the  supply  is  pumped, 
this  means  increased  expense  for  coal  consumption  and  en- 
largement of  pumping-plant;  if  the  supply  is  from  wells  or 
reservoirs,  it  hastens  the  day  when  new  wells  must  be  sunk 
or  new  drainage  areas  sought;  and  in  any  case  it  means  that 
either  the  mains  must  be  unnecessarily  large  or  the  pressure 
vn\\  be  decreased  below  that  desired.  ^lillions  of  dollars  are 
being  spent  by  many  of  our  larger  cities  to  increase  their  supply 
in  order  that  two-thirds  of  it  may  be  wasted. 

This  waste  is  either  intentional,  careless,  or  through  ignor- 
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ance.  Under  intentional  waste  may  be  classed  the  opening 
of  faucets  on  winter  nights  to  prevent  freezing  of  poorly  located 
plumbing;  the  lavish  sprinkling  of  lawns  and  streets  in  sum- 
mer; and  unnecessary  amounts  used  in  automatic  sewer  flush- 
tanks,  as  well  as  in  automatic  water-closet  flushes  in  hotels 
and  office  buildings.  Carelessness  usually  takes  the  form  of 
non-attention  to  leaky  house-fixtures,  thousands  of  which  can 
be  found  in  almost  any  city.  More  or  less  leakage  in  every 
system  defies  detection,  being  probably  the  result  of  very  slight 
leaks  in  thousands  of  joints,  in  fire  hydrants,  stop- valves,  cor- 
poration cocks,  and  other  portions  of  the  distributing  system. 
This  has  been  found  to  be  5 to  lo  per  cent  of  the  consumption 
in  some  cities. 

The  winter  waste  due  to  the  first-mentioned  cause  is  shown 
in  Table  No.  5.  In  Rock  Island  this  was  greatest  in  January 
and  February;  in  New  England,  Brooklyn,  and  Rockford, 
111.,  in  February.  In  Rockford  the  February  consumption  is 
seen  to  be  about  8 per  cent  greater  than  that  of  the  other  two 
winter  months.  Daily  records  would  show  this  waste  much 
more  prominently.  At  Newton,  Mass.,  during  twenty  years 
past  the  winter  weekly  maximum  has  fallen  in  December  four 
times,  in  January  four  times,  and  in  February  nine  times; 
the  greatest  excess  being  in  the  second  week  of  December, 
when  the  average  consumption  for  the  week  was  122  per  cent 
of  the  annual. 

The  summer  waste  is  more  prominent,  the  average  con- 
sumption during  June,  July,  and  August  running  from  4 to 
1 5 per  cent  above  the  yearly  average. 

The  waste  of  water  by  the  city  in  flushing  sewers  by  auto- 
matic tanks  is  in  some  cases  most  excessive.  From  500  to 
800  gallons  per  day  per  tank  should  be  sufficient  for  the  proper 
maintenance  of  a lateral  sewer;  but  carelessness  or  ignorance 
has  been  known  to  cause  ten  to  thirty  times  this  amount  to 
be  used.  The  water  company  of  Racine,  Wis.,  found  the 
III  flush  tanks  of  that  city  using  1,436,429  gallons  per  day, 
an  average  of  about  13,000  gallons  each — an  actual  waste 
of  certainly  more  than  1,000,000  gallons  per  day.  Street- 
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sprinkling  is  also  a common  cause  of  much  waste,  one  Massa- 
chusetts city  using  7 per  cent  of  its  entire  supply  for  this  purpose. 

The  loss  through  leaky  house-fixtures  is  enormous.  In 
Philadelphia,  of  782  appliances  in  a certain  section  containing 
539  population,  22  were  leaking  slightly  and  32  were  running 
continuously;  and  it  was  found  in  one  district  that  63  per  cent 
of  the  water  furnished  was  wasted  by  17  per  cent  of  the  con- 
sumers, and  in  another  86  per  cent  was  wasted  by  7 per  cent 
of  the  consumers,  this  being  not  lavish  use,  but  absolute  waste. 

A leaky  faucet  may  waste  75  to  300  gallons  per  day,  and 
a leaky  ball-cock  may  easily  permit  1000  gallons  per  day  to 
pass  it.  Unless  this  leakage  inconveniences  the  householder 
he  will  seldom  repair  the  defective  fixtures  if  not  compelled 
to.  The  greatest  amount  of  leakage  of  this  class  is  generally 
found  in  rented  houses,  particularly  of  the  poorer  class,  where 
the  plumbing  is  cheap,  and  money  for  repairing  a leak  is  spent 
grudgingly. 

Leakage  from  mains  and  house  connections  has  been  deter- 
mined by  leakage  surveys  (generally  by  use  of  the  “pitometer”) 
in  a number  of  cities,  Washington,  D.  C.,  having  perhaps  gone 
into  the  matter  most  thoroughly,  and  maintaining  for  several 
years  a corps  of  men  for  this  purpose  alone.  During  one  year 
this  squad  found  leaks  from  which  there  was  escaping  a total 
of  9,560,635  gallons  a day,  about  one-half  of  which  was  from 
leaking  service  pipes,  about  15  per  cent  from  joints  in  the 
mains,  and  the  remainder  from  broken  mains,  cracked  valve- 
casings,  leaking  fire  hydrants,  etc.  It  seems  to  be  imprac- 
ticable to  entirely  eliminate  leakage  from  joints.  New  York 
Aqueduct  specifications  allow  240  gallons  per  inch-mile,  but 
it  seems  possible,  with  careful  workmanship,  to  reduce  it  to 
a half  or  even  a quarter  of  this. 

Waste  of  water  should  be  prevented  or  paid  for,  for  it  is 
furnished  at  a considerable  cost  and  it  is  not  just  that  a few 
should  carelessly  waste  what  others  have  to  pay  for.  Each  con- 
sumer should  be  required  to  pay  for  the  amount  of  water  that 
enters  his  premises,  which  should  be  measured.  There  is  no 
more  reason  why  water  should  be  sold  at  so  much  a fixture 
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than  why  gas  or  electric  light  should,  or  than  why  food  should 
be  sold  at  so  much  per  individual  per  year,  instead  of  by  the 
pound,  bushel,  or  other  measure. 

Art.  7.  Forecasting  Future  Consumption 

As  stated  previously,  each  structure  or  feature  of  a water- 
works system  should  be  designed  with  a view  to  being  of  ample 
capacity  for  some  years  to  come.  Water  mains  cannot  be 
too  large  for  effectiveness,  nor  can  the  catchment  area.  But 
an  intercepting  reservoir  should  not  be  larger  than  is  necessary 
to  equalize  over  a number  of  years  the  variable  run-off  from 
the  catchment  area;  no  one  pump  should  be  larger  than  suf- 
ficient to  provide  the  present  average  consumption  of  a day 
with  about  five  or  six  hours’  operation;  and  purification  plants 
should  be  built  with  only  lo  to  20  per  cent  surplus  capacity 
(beyond  that  needed  for  cleaning  the  beds,  see  Art.  18),  since 
new  units  can  be  added  easily.  The  land  on  which  the  filters 
and  other  structures  rest  should  be  sufficient  to  provide  for 
expansion  for  many  years  to  come. 

The  penalty  of  estimating  too  low  on  the  pipe  lines  is  exces- 
sive loss  of  pressure  due  to  pipe  friction,  or  else  the  necessity 
of  building  a duplicate  line  sooner  than  is  economical.  In  the 
case  of  pumps,  the  penalty  is  the  same,  or  possibly  a break- 
down of  the  plant  caused  by  working  it  too  hard.  If  the  catch- 
ment area  or  reservoir  is  too  small,  a dry  spell  will  bring  a 
shortage  of  water,  requiring  another  supply  to  be  obtained — 
possibly  a less  desirable  emergency  supply. 

The  general  basis  for  calculating  sizes  of  pipes  is  an  estimate 
of  the  future  growth  of  the  city  or  section  to  be  supplied  through 
the  pipe  in  question;  then  by  calculation  compare  the  cost 
of  two  plans,  one  providing  for  the  consumption  x years  ahead, 
and  then  duplicating  the  line,  the  other  providing  at  once  a 
line  whose  capacity  is  that  of  the  other  two  combined;  the 
cost  of  each  plan  being  taken  as  the  principal  and  compound 
interest  computed  to  that  future  date  at  which  it  is  computed 
that  the  capacity  of  either  plan  will  be  reached.  (This  method 
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of  calculation  is  not  strictly  correct,  but  the  error  involved 
is  less  than  the  probable  error  in  estimating  the  future  growth 
of  city,  cost  of  laying  pipe,  etc.).  Let  C = cost  of  laying  one 
large  pipe  (second  plan)  and  c that  of  a pipe  half  the  capacity 
(first  plan),  and  r the  value  at  compound  interest  of  $i  com- 
puted for  the  time  between  the  laying  of  the  first  and  second 

pipes  by  the  first  plan.  Then  r = —^.  Assume  the  rate  at 

C/  c 


which  money  is  borrowed  for  building  the  pipe  system  (say 
4 per  cent)  and  look  in  compound  interest  tables  for  the  value 
of  r at  that  rate.  The  year  corresponding  will  be  the  time  for 
which  the  first  pipe  line  may  be  calculated  and  still  leave  the 
cost  of  the  two  lines  (first  plan)  not  greater  than  that  of  one 
line.  If  the  second  line  would  be  required  sooner  than  this, 
the  two  lines  will  prove  more  expensive  than  one  having  their 
combined  capacity.  If  it  would  suffice  for  a longer  time,  the 
two  lines  will  be  the  cheaper.  For  example,  if  we  compare  the 
present  construction  of  an  i8-inch  line,  to  be  duplicated  later  with 
another  of  the  same  size,  with  a 24-inch  (which  has  double  the 
capacity  of  'an  18-inch)  built  at  once,  and  assume  that 
the  first  costs  $2.87  a foot  and  the  latter  $4.61;  then 
2.87 

r = — — = 1.65,  which,  at  4 per  cent  interest,  corresponds  to  a . 


1-74 

little  less  than  thirteen  years.  Then  it  is  cheaper  to  build 
an  18-inch  line  if  that  will  suffice  for  thirteen  years  or  more, 
and  duplicate  it  when  the  capacity  of  the  first  is  reached,  than 
to  build  a 24-inch  at  once.  If  two  6-inch  lines  be,  compared 
with  one  8-inch  on  the  same  basis,  it  is  found  that  the  first 
6-inch  must  have  ample  capacity  for  at  least  twenty-four  years  to 
be  more  economical  than  an  8-inch.  Or,  in  other  words,  if 
a 6-inch  will  not  give  capacity  for  twenty-four  years  to  come, 
then  an  8-inch  (or  larger)  should  be  put  in  at  once.  There 
are  other  things  to  be  considered,  such  as  the  better  pressure 
resulting  from  the  large  pipe,  the  deferring  of  the  tearing  up 
of  the  street  for  laying  another  line  and  the  less  total  length 
of  joints  to  leak  in  one  line  than  in  two,  and  the  smaller  number 
of  repairs  probably  required.  On  the  other  hand,  it  is  possible 
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that  the  development  of  the  city  or  district  served  by  the 
pipe  may  not  be  so  rapid  as  calculated,  or  may  take  another 
direction  from  that  anticipated,  when  construction  of  the  second 
pipe  line  may  be  deferred  or  the  second  condition  can  be  met 
by  taking  another  route.  The  possibility  of  pipe  costing  more 
or  less  ten  or  twenty  years  from  now  should  be  considered  also. 

The  consumption  for  which  prnnps,  reservoirs,  purification 
plants,  etc.,  should  be  designed  is  determined  in  something 
the  same  way,  but  will  be  considered  each  under  its  appropriate 
head. 

It  is  seen  that,  to  forecast  consumption  of  all  kinds  (except 
perhaps  industrial),  we  must  first  forecast  population.  This 
may  be  done  by  one  or  more  of  the  several  methods  in  com- 
mon use.  (See  Chapter  I of  the  author’s  work  on  “Munic- 
ipal Engineering  Practice.”)  If  possible,  the  present  con- 
sumption for  each  of  the  several  uses  by  the  city  in  question 
should  be  determined,  the  conditions  of  each  of  such  uses 
determined,  and  the  probable  tendency  toward  an  increase 
or  decrease  in  per  capita  rate  for  each  use.  Using  with  judgment 
all  the  facts  available,  a rate  per  capita  for  the  city  as  a whole 
and  for  each  district  is  estimated  for  each  of  the  next  five  or 
more  decades;  and  the  city  and  district  populations  as  fore- 
casted multiplied  by  such  consumption  rates  will  give  the 
total  consumptions.  These  may  then  be  plotted  or  tabulated 
for  each  of  the  future  fifty  years. 
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Art.  8.  Water  and  its  Impurities 


Chemically  pure  water  is  a mixture  of  hydrogen  and  oxygen 
and  contains  no  other  matters  in  either  solution  or  suspension. 
Such  water  is  found  only  in  a chemical  laboratory;  for  most 
solids  and  gases  are  more  or  less  soluble  in  water,  and  it  has 
great  avidity  for  many  of  them;  and  it  mixes  readily  with  most 
other  liquids.  Water  is  always  necessarily  in  contact  with 
some  solid  substance,  and  generally  with  air  also,  and  may 
absorb  some  chemical  elements  from  each  of  them.  The  nearest 
approach  to  chemically  pure  water  practicable  for  laboratory 
work  is  distilled  water  kept  enclosed  in  porcelain  or  glass. 

The  term  ‘‘pure”  is  popularly  used  in  connection  with 
water  to  indicate  freedom  from  matters  that  render  it  objec- 
tionable from  the  point  of  view  of  the  speaker.  It  is  very 
desirable  for  purposes  of  accuracy  and  definiteness  of  meaning 
that  more  precise  terms  be  used.  The  word  safe  has  been 
proposed  for  describing  potable  water  free  from  pathogenic 
or  toxic  matters.  Other  terms  of  established  usage  are  clear — 
free  from  suspended  matter;  colorless — free  from  coloring  matter 
in  solution  or  semi-solution;  acid\  alkaline]  hard — containing 
salts  that  precipitate  soap;  soft — free  from  such  matters. 

Polluted  is  used  to  indicate  water  that  has  received  impur- 
ities from  other  than  natural  sources,  especially  waste  waters 
from  communities  of  human  beings;  normal  describes  waters 
which  have  not  been  polluted. 

The  various  matters  found  in  water  are  classified  by  M.  F. 
Stein  as  follows: 
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Clay  and  inorganic  soil  wash. 


In  suspension 

Organic  soil  wash. 
Decomposing  organic  matter. 
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SUBSTANCES  OF  MINERAL  ORIGIN  | SUBSTANCES  OF  ORGANIC  ORIGIN 


In  pseudo-solution  {extremely  fine  particles  in  suspension) 


Silica 
Alumina 
Iron  oxide 


Colloidal  organic  wastes 
Vegetable  color 
Organic  acids 


In  solution 


Bicarbonates 
Carbonates 
Sulphates 
Chlorides 
Nitrates 

Bicarbonates 
Sulphates  \ of  Iron 

Hydroxide  J 

Mineral  acids 

Carbon  dioxide  "j 
Oxygen  j-  gas 

Nitrogen  J 


Vegetable  color 

Organic  acids 

Soluble  organic  wastes 

Ammonia 

Chlorides 

Nitrites 

Nitrates 

Carbon  dioxide  'j 

Hydrogen  I 

Hydrogen  sulphide  | ^ 
Methane  J 


of 


Calcium 

Magnesium 

Sodium 

Potassium 


There  are  also  living  organisms,  both  animal  and  vegetable, 
of  all  sizes  down  to  the  sub-microscopic. 

Sources  of  Impurities.  A drop  of  rain  falling  through  the 
air  absorbs  from  it  carbonic  acid,  oxygen,  nitrogen,  and  other 
gases,  and  dust,  bacteria  and  other  minute  matters  attach 
themselves  to  it.  Rain  which,  after  falling,  flows  over  the 
ground,  generally  softens  this  and  removes  particles  of  it  car- 
ried in  suspension,  and  may  take  into  solution  many  kinds 
of  mineral  and  organic  matters. 

The  water  which  percolates  into  the  soil  and  issues  there- 
from elsewhere  in  the  form  of  springs  or  of  a general  seepage 
into  water  courses  absorbs  carbonic  and  other  acids  from  the 
decaying  vegetable  matter  therein  (roots,  etc.).  These  acids 
dissolve  some  minerals  not  soluble  in  pure  water,  while  other 
minerals  and  salts  are  dissolved  by  the  water  as  such. 

In  passing  over  or  through  the  primary  rocks — granite, 
basalt,  gneiss,  etc. — the  slightly  acid  water  leaches  from  them 
minute  quantities  of  alkalies  and  alkaline  earths,  taking  them 
into  solution  as  bicarbonates.  Silica,  alumina,  and  iron  oxide 
>are  removed  in  a colloidal  form.  These  waters,  called  primary 
waters,  are  characterized  by  proportionately  large  amounts  of 


WATER  AND  ITS  IMPURITIES 


25 


salts  of  sodium  and  potassium  and  small  amounts  of  salts  of 
calcium  and  magnesium,  and  by  silica,  alumina  and  some- 
times iron  in  colloidal  state. 

Water  passing  over  and  through  secondary  formations — 
limestone,  dolomite,  sandstone,  shale;  sodium,  calcium,  and 
magnesium  chlorides,  g>^sum,  etc. — dissolves  out  calcium  and 
magnesium,  taking  them  into  solution  as  bicarbonates  (these 
give  the  water  the  property  of  temporary  hardness).  Sodium, 
calcium,  and  magnesium  are  removed  as  chlorides  and  sul- 
phates (these  make  the  water  permanently  hard).  Iron  is 
removed  as  a soluble  ferrous  bicarbonate  (when  the  water  is 
low  in  oxygen).  These  are  called  secondary  waters. 

Water  also  receives  salt  from  the  air,  carried  inland  from 
the  sea  as  spray  or  mist,  which  falls  directly  upon  the  water, 
or  upon  the  soil,  from  which  it  is  removed  by  rain.  This  is 
so  general  that  the  amount  of  salt  in  a water  that  receives  no 
salt  or  very  little  from  other  sources  varies  with  its  distance 
from  the  ocean,  and  the  amount  in  normal  water  origi- 
nating in  a given  district  is  practically  constant.  For  reasons  to 
be  described  later,  the  salt  content  of  water  is  an  important 
consideration,  and  the  normal  salt  content  of  the  waters  of 
each  district  has  been  determined  for  a number  of  coast  States. 
A map  showing  isochlors  (lines  passing  through  districts  in 
which  the  normal  salt  content  of  the  waters  is  the  same)  is 
shown  in  Fig.  i. 

Water  generally  carries  in  solution  carbonic  acid  gas,  oxy- 
gen (uncombined  with  hydrogen),  and  nitrogen.  Each  is  de- 
rived from  the  air,  and  the  first  chiefly  from  decaying  organic 
matter  in  and  on  the  soil.  Plant  fife  growing  in  water  in  the 
presence  of  light  absorbs  carbonic  acid  and  gives  out  oxygen; 
and  also,  in  another  phase,  takes  in  oxygen  and  gives  off  car- 
bonic acid,  this  taking  place  more  freely  in  darkness  than  in 
light.  Hydrogen  sulphide  is  received  from  decaying  organic 
matter. 

Water  also  may  receive  impurities  in  the  form  of  drainage 
of  cities,  coal  mines,  oil  and  salt  wells,  and  other  industrial 
waste  matters.  From  coal  mines  come  sulphuric  and  sul- 
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Fig.  I. — Normal  Chlorine  Curves  (Isochlors)  of  New  England  and  New  York.  From  map  prepared  by  U.  S.  Geological  Survey. 
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phurous  acids.  Acids  are  contributed  by  steel  mills,  tanneries, 
and  other  industries;  organic  matters  by  paper  mills,  slaughter 
houses,  and  breweries.  From  sewage  are  derived  large  quan- 
tities of  nitrogenous  matter  (which  absorbs  oxygen  from  the 
water  to  form  nitrites  and  nitrates),  hydrogen,  methane,  am- 
monia, and  carbonic  acid;  also  chlorine,  which  is  found  in  all 
urine,  about  .04  of  a pound  being  excreted  daily  by  the  average 
person. 

Suspended  matters  are  seldom  present  in  more  than  the 
most  minute  quantities  in  water  issuing  from  the  ground, 
any  which  it  may  have  once  contained  being  filtered  out  by 
passage  through  the  fine  pores  of  the  soil,  or  deposited  by 
gravity  or  surface  adhesion  to  the  soil  particles  during  its  slow 
progress  underground.  But  on  emerging,  some  of  the  soluble 
matters  may  be  rendered  insoluble  and  go  into  the  suspended 
form.  Thus  ferrous  carbonate  (FeCOs),  when  oxygen  is  sup- 
plied by  the  air,  changes  to  the  insoluble  ferric  form  (Fe203). 

, Suspended  matters  are  also  supplied  abundantly  in  the  form 
of  clay,  comminuted  leaves  and  other  organic  matters  washed 
from  the  ground  surface  by  rain.  Dust,  both  mineral  and  or- 
ganic, falls  into  water  from  the  air,  the  latter  including  pollen 
from  vegetation,  dried  bodies  of  insects,  etc. 

An  important  class  of  suspended  matters  is  that  of  the 
microscopic  living  organic  matter.  Even  rain  water  is  found 
to  contain  algae,  usually  some  protococcus  form.  Water  directly 
from  the  ground  contains  none,  with  rare  exceptions;  and  water 
from  deep  wells  seldom  does,  although  crenothrix  (an  iron 
bacterium)  sometimes  grows  abundantly  on  steel  well  casings. 
It  is  in  quiet  waters  that  plankton  * develop  in  abundance, 
and  they  are  carried  in  streams  fed  by  such  waters  or  com- 
municating with  them.  Most  of  the  forms  are  vegetable,  but 
animal  forms  are  found  in  rivers  polluted  with  organic  matter. 
The  organisms  other  than  bacteria  (which  will  be  discussed 
farther  on)  that  are  of  most  interest  in  connection  with  public 
water  supplies  are  the  algas. 

AlgcB  are  microscopic  plants  whose  cells  contain  chlorophyll. 

* Plankton  are  the  minute  animals  and  plants  that  float  free  in  water. 


28 


REQUISITES  OF  A SUPPLY.  QUALITY 


They  can  develop  only  in  water  in  the  presence  of  light,  and 
therefore  within  a few  inches  of  the  surface  in  turbid  water, 
but  to  a depth  of  25  feet  in  very  clear  water.  They  live  upon 
organic  matter.  They  require  oxygen,  and  if  they  cannot 
obtain  it  from  the  water,  they  take  it  from  the  organic  matter, 
producing  anaerobic  decomposition,  or  putrefaction.  Algae  in 
themselves  are  not  injurious  to  health,  although  if  taken  in  large 
quantities  they  may  temporarily  cause  intestinal  troubles.  But 
they  produce  odors  and  tastes  that  are  decidedly  unpleasant. 
(See  also  arts.  9,  13  and  38.) 

Bacteria  are  microscopic,  one-celled  fungi,  generally  having 
power  of  motion.  Probably  no  surface  water  is  free  from 
them,  and  there  may  be  millions  in  a cubic  centimeter.  Most 
of  them  are  harmless,  and  many  assist  in  the  decomposition  of 
organic  matter  and  are  essential  to  the  self-purification  of 
water.  A few  species,  however,  are  capable  of  producing 
disease  if  taken  into  the  stomach.  The  natural  habitat  of  the 
latter  is  the  intestines  of  animals;  but  if  carried  into  water 
with  the  excreta,  they  may  survive  for  days  and  even  weeks. 
The  most  common  diseases  so  caused  are  t^qihoid  fever,  cholera, 
dysentery,  diarrhoea,  and  other  intestinal  disturbances,  each 
caused  by  a special  bacterium.  There  are,  however,  some 
species  abounding  in  the  intestines  which  do  not  cause  disease. 
Among  these  are  the  Coli  bacilli  (called  B.  coli  for  short),  which 
seldom  originate  outside  of  the  intestines  of  man  and  the 
higher  animals,  are  much  more  abundant  in  excreta-carrying 
water  (sewage)  than  are  B.  t>q)hosus  (the  cause  of  typhoid) 
or  the  other  pathogenic  bacteria,  and  therefore,  since  they  are 
readily  identified,  are  used  as  the  test  for  sewage  pollution. 
The  pathogenic  bacteria  are  the  only  matters  contained  in 
ordinary  sewage  which  are  harmful  in  the  quantities  in  which  they 
can  exist  without  making  the  water  objectionable  to  the  senses. 

Sewage  contains  considerable  amounts  of  organic  matter 
in  various  stages  of  decomposition:  the  soluble  products  of 
such  matter  already  referred  to;  and  particles  of  grease,  hair, 
fibers  of  wood,  cloth,  and  paper,  and  other  miscellaneous  sus- 
pended matters. 
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Art.  9.  Qualities  Caused  by  Impurities 

Impurities  in  water  in  most  cases  impart  to  it  certain  char- 
acteristics or  qualities,  physical  or  chemical.  The  most  im- 
portant of  these  are  turbidity,  color,  taste,  odor,  alkalinity, 
acidity,  and  hardness. 

Turbidity  is  the  presence  in  water  of  visible  suspended 
matter.  It  is  caused  chiefly  by  clay,  fine  sand,  or  other  earthy 
materials,  that  are  carried  in  suspension  by  flowing  water, 
since  it  is  seldom  that  other  suspended  matters  are  present 
in  sufficient  quantities  to  produce  appreciable  turbidity.  A 
turbidity  of  5 parts  per  million  (see  Art.  12)  is  barely  discern- 
ible; 100  parts  gives  a very  cloudy  appearance;  1000  parts 
makes  water  practically  opaque;  10,000  is  practically  the 
maximum  for  most  waters  and  kinds  of  suspended  matters.  Five 
parts  may  be  taken  as  the  limit  for  acceptable  drinking  water. 

Color.  The  visible  suspended  matters  that  cause  tur- 
bidity have  color,  and  therefore  the  water  appears  to  be  colored. 
Actual  color  of  the  water  itself,  however,  is  caused  by  matters 
in  solution  or  colloidal  solution,  the  exact  chemical  nature 
of  which  is  not  known.  Coloring  matter  is  most  commonly 
in  the  form  of  tannates,  gallates,  or  organic  acids  derived  from 
decaying  vegetable  matter.  Swamps  are  the  most  important 
sources  of  color  in  water.  Water  from  a clean  watershed 
seldom  has  a color  higher  than  30,  platinum  scale  (see  Art.  12), 
but  that  of  stagnant  water  in  swamps  often  runs  as  high  as 
300,  and  sometimes  500  or  700.  Many  matters  causing  tur- 
bidity have  the  power  of  drawing  to  themselves  by  adsorption 
any  color  that  may  be  in  the  water;  therefore  turbid  waters 
seldom  have  appreciable  color. 

Water  in  most  ponds  or  lakes  has  a brownish  color,  which 
may  be  as  dark  as  that  of  weak  tea.  Freshly  fallen  leaves  and 
vegetable  matter  give  a greenish  tinge  to  the  brown,  and  the 
hue  changes  periodically.  The  amount  in  a given  stream 
varies  with  the  proportionate  amounts  of  swamp  or  stagnant 
water  and  of  clear  water  reaching  it,  which  vary  from  time 
to  time. 
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Taste  and  Odor.  These  are  closely,  related  in  the  sensa- 
tions produced,  one  sometimes  being  mistaken  for  the  other, 
and  many  so-called  tastes  are  really  odors.  Almost  every 
pollution  gives  a taste,  and  many  give  an  odor  to  water,  but  in 
the  minute  quantities  in  which  most  impurities  are  present 
neither  can  be  detected.  Heating  water  usually  intensifies 
the  odor.  Most  of  the  bad  odors  in  water  are  due  to  organic 
substances  in  solution  or  suspension  or  to  microscopic  organ- 
isms. “Brown-colored  waters  invariably  have  a sweetish  vege- 
table odor,  and  the  intensity  of  the  odor  varies  almost  directly 
with  the  depth  of  the  color.  Both  color  and  odor  are  due  to 
the  presence  of  certain  glucosides,  of  which  tannin  is  an  example, 
extracted  from  leaves,  grasses,  mosses,  etc.  In  addition  to 
the  odor,  these  substances  have  a slight  astringent  taste.  Color- 
less waters  containing  organic  matter  of  other  origin  may  have 
vegetable  odors,  but  they  are  usually  less  sweetish  and  more 
straw-like  or  peaty.  Akin  to  the  vegetable  odors  are  the 
earthy  odors  caused  by  finely  divided  particles  of  organic 
matter  and  clay.”  (George  C.  Whipple,  “The  Microscopy  of 
Drinking  Water.”) 

Decomposing  vegetable  matters  may  produce  decidedly 
unpleasant  odors.  Disagreeable  odors  usually  are  caused  by 
decaying  animal  matter.  Offensive  odors  are  usually  due  to 
sewage  or  other  gross  pollution. 

The  odors  most  commonly  found  in  drinking  water  are 
those  due  to  living  organisms’  in  the  water,  produced  in  most 
(possibly  in  all)  cases  by  compounds  analogous  to  the  essential 
oils  which  are  secreted  by  vegetable  growths.  They  are  most 
noticeable  when  the  breaking  up  of  the  organism  causes  the 
oil  globules  to  be  scattered  through  the  water.  These  growths 
(mostly  algae)  develop  most  luxuriantly  in  still  water,  and 
reservoirs  are  the  part  of  a public  water  supply  where  such 
odors  generally  originate.  It  is  believed  that  only  the  floating 
organisms  yield  such  odors.  Some  of  the  littoral  plants  possess 
a vegetable  or  fishy  odor,  which,  however,  is  imparted  to  the 
water  only  when  the  plants  are  crushed. 

Hardness.  Carbonates  of  calcium  and  magnesium  give  water 
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a quality  known  as  temporary  hardness.  Sulphates  of  mag- 
nesium and  calcium  and  chlorides  of  sodium  and  calcium  make 
water  permanently  hard.  Boiling  expels  carbonic  acid,  and 
the  carbonates  are  thrown  out  of  solution — hence  the  term 
“temporary.”  Permanent  hardness  is  not  removed  by  boiling. 
The  same  water  may  be  both  temporarily  and  permanently 
hard. 


Art.  10.  Effects  of  Impurities 

The  effects  of  impurities  in  water  may  be  divided  into  two 
classes,  according  as  they  are  or  are  not  morbific. 

Hard  water  forms  scale  in  boilers  and  necessitates  the  use 
of  more  soap  in  washing.  Sulphate  scale  (deposited  by  per- 
manently hard  water)  is  worse  than  the  carbonate,  because  it 
is  denser  and  harder.  The  cost  to  the  U.  P.  R.  R.  in  one  year 
for  cleaning  and  repairing  locomotive  boilers  because  of  scale 
was  8 cents  per  locomotive-mile.  Scale  is  said  to  be  the  most 
frequent  cause  of  steam-boiler  explosions.  It  is  a poor  conductor 
of  heat,  and  when  it  forms  on  a tube  or  plate  it  interferes  with 
the  transference  of  heat  to  the  water  and  may  cause  the  metal 
to  be  heated  to  a plastic  temperature,  when  it  is  ruptured  by 
the  steam  pressure.  Even  when  this  does  not  occur,  the  steam- 
creating  power  of  the  fuel  is  lessened,  and  the  cost  for  fuel  is 
greatly  increased.  Experiments  indicate  that  scale  A of  an 
inch  thick  causes  a waste  of  3 or  4 per  cent  of  the  fuel,  and 
|-inch  scale  on  all  the  tubes  may  increase  the  coal  bill  25  per 
cent  or  more.  Scale  may  also  clog  feed  pipes,  water-gage  and 
steam-gage  connections,  and  other  boiler-room  piping.  The 
same  troubles,  although  less  in  intensity,  may  be  caused  by 
scale  in  the  boilers  of  domestic  steam-heating  plants. 

Soap  is,  of  course,  used  with  but  a small  percentage  of  the 
water  consumed  by  a community  (estimated  at  2 gallons  per 
capita  per  day  in  Sacramento),  but  Whipple  (“Value  of  Pure 
Water”)  estimates  that  i pound  of  soap  is  used  up  in  softening 
from  100  to  225  gallons  of  water  having  a hardness  of  20  parts 
per  million,  and  in  softening  from  15  to  34  gallons  when  the 
hardness  is  200  parts,  the  amount  depending  upon  the  kind 
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of  soap  used.  From  this  can  be  computed  the  actual  cost  to 
a community,  in  soap  consumed,  of  hardness  in  water.  Hard- 
ness may  be  an  advantage  in  some  cases;  for  instance,  calcium 
sulphate  in  the  Trent  river  is  largely  responsible  for  the  quality 
that  makes  Bass  ale  popular. 

Carbonic  acid  in  water  dissolves  many  metals  more  or  less 
freely,  lead,  zinc,  brass,  and  iron  being  those  commonly  at- 
tacked by  public  water  supphes.  These  metals  are  seldom 
present  in  water  in  sufficient  amount  to  have  any  except  a 
morbific  effect,  however.  The  qualities  of  water  which  cause 
it  to  dissolve  metals  are  not  known  exactly;  but  it  has  been 
learned  in  a general  way  that  these  are  softness,  acidity,  dis- 
solved gases,  and  the  presence  of  much  chloride  or  nitrate. 
The  only  sure  decision  must  be  based  on  an  actual  test  of  the 
metal  solvency  of  the  water  in  question.  Corrosion  is  destructive 
to  steel  boiler  tubes,  hot-water  piping,  and  other  metallic 
parts  of  house  plmnbing  and  boiler  plants.  Galvanized  steel 
pipe  is  attacked  by  water  containing  chlorine  ingredients, 
which  causes  galvanic  action  between  the  iron  and  zinc.  Water 
that  contains  500  or  more  parts  per  million  of  sodium  or  mag- 
nesium chloride  is  dangerous  to  steel  pipe  and  fittings,  especially 
when  heated.  Carbonic  acid  in  water  is  believed  to  be  the 
chief  cause  of  the  formation  of  tubercles  in  cast-iron  pipe. 

Iron  in  water  is  objectionable  from  almost  every  point  of 
view.  A distinct  taste  is  given  by  4 or  5 parts  of  iron  per 
million  of  water,  and  less  than  this  amount  in  laundry  water 
will  discolor  clothes  and  cause  a reddish-brown  sediment  when 
left  standing  in  the  air. 

Salt  gives  an  objectionable  taste  to  water  when  more  than 
250  parts  of  chlorine  per  million  are  present.  Alkali  salts 
cause  foaming  or  ‘‘priming”  in  boilers. 

Gases  seldom  are  objectionable  in  water,  except  as  they 
combine  with  other  substances.  A trace  of  carbonic  acid  gas 
seems  to  render  water  more  palatable.  Many  of  the  hydrogen 
compounds  give  offensive  odors  and  tastes  to  water,  hydrogen 
sulphide  being  probably  the  most  objectionable. 

Turbidity  causes  deposits  in  reservoirs,  pipes,  boilers,  and 
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wherever  the  water  comes  to  comparative  rest.  It  renders 
water  less  acceptable  for  drinking  and  objectionable  for  laundry 
purposes. 

Several  of  the  common  microscopic  organisms  cause  objec- 
tionable odors  in  water,  and  sometimes  color.  They  may  be 
so  numerous  as  to  give  it  a turbid  appearance  and  create  sedi- 
ment. When  they  die  in  great  numbers  in  a reserv^oir,  their 
odors  may  cause  a local  nuisance.  CrenothrLx  frequents  ground 
water  rich  in  iron  and  causes  a precipitation  of  iron  in  solution 
in  water,  even  choking  tubular  wells  and  ser^dce  pipes.  Broken 
filaments  scattered  through  the  water  in  mains  cause  deposits 
of  iron  rust,  making  the  water  unfit  for  laundry  use.  Creno- 
thrix  thrives  best  in  water  containing  little  or  no  oxygen  but 
abundance  of  carbonic  acid. 

Algae  often  grow  upon  the  surfaces  of  filters,  clogging  them; 
and  crenothrLx  grows  in  the  body  of  a filter  treating  w'ater 
high  in  iron.  But  the  odors  given  by  algae  are  the  most  serious 
effects  commonly  experienced.  Asterionella  give  a fishy  or 
aromatic  odor;  anabaena,  a grassy,  green-corn  or  nasturtium 
j odor;  uroglena,  a fishy  and  oily  odor.  These  are  the  algae 
I which  have  been  most  frequently  reported  as  nuisances  in  reser- 
voirs, but  WTupple  gives  a fist  of  more  than  a score  of  offenders 
(“Microscopy  of  Drinking  Water”)- 

Protozoa,  spongiana,  rotifera,  entomostraca,  and  certain 
mollusks  are  found  in  reservoir  water  and  even  in  water  mains. 
Of  these,  the  animals  five  on  vegetable  matter  and  other  ani- 
mals, the  vegetable  organisms  upon  soluble  inorganic  substances 
f and  gases  (although  bacteria  seem  to  be  able  to  feed  upon 
organic  matter  also).  Both  thus  assist  in  purihmg  the  water 
of  both  organic  and  mineral  impurities.  Water  mains  often 
contain  unsuspected  coatings  of  vegetable  and  animal  life, 
sometimes  called  “pipe  moss.”  Fresh-water  sponges  attach 
themselves  to  pipes,  the  coating  often  reaching  the  thickness 
of  a quarter  of  an  inch,  and  among  them  may  be  found  mol- 
lusks, snails,  and  many  other  animal  growths.  A score  or 
more  of  different  forms  have  been  found  in  Boston’s  water 
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Art.  11.  Disease  and  Drinking  Water 

It  is  the  physiological  effects,  and  especially  those  causing 
serious  diseases,  that  are  considered  most  important  in  a public 
water  supply.  Such  a supply  is  used  as  drinking  water  by 
practically  all  the  inhabitants  of  a city,  and  any  pathogenic 
matter  in  it  will  thus  endanger  the  entire  population. 

Most  of  the  inorganic  impurities,  unless  found  in  large 
quantities,  seem  to  affect  only  those  not  accustomed  to  them. 
In  those  accustomed  to  soft  water,  bowel  complaints  may  be 
caused  by  drinking  hard  water;  but  the  same  result  may  follow 
changing  from  hard  to  soft.  The  same  seems  to  be  true  of 
turbidity,  water  having  as  high  as  20,000  parts  per  million 
having  been  used  with  apparent  impunity  in  some  cities.  Or- 
ganic impurities,  also,  are  believed  seldom  to  cause  sickness 
more  serious  than  temporary  bowel  complaints,  unless  present 
in  such  quantities  as  to  make  the  water  repulsive.  Immunity 
from  all  these  seems  to  be  acquired  by  continued  use,  except 
from  the  metallic  poisons  (lead  is  about  the  only  one  found 
in  water  supplies)  and  pathogenic  bacteria;  and  partial  im- 
munity from  these  also  may  apparently  be  acquired. 

Typhoid  fever  and  cholera  are  the  two  diseases  positively 
known  to  be  caused  by  bacteria  that  may  be  taken  into  the 
intestines  in  water,  although  diarrhoea  and  other  intestinal 
diseases  are  believed  to  be  so  caused.  Cholera,  fortunately, 
has  not  been  introduced  into  America;  but  typhoid  (caused 
by  the  bacillus  typhosus)  kills  about  20,000  annually  in  the 
United  States,  and  at  least  ten  times  that  number  suffer  from 
it.  Water  is  not  the  sole  cause  of  all  these  cases,  but  is  beheved 
to  be  responsible  for  at  least  two-thirds  of  them.  The  typhoid 
germ  is  excreted  by  those  suffering  from  the  disease,  and  may 
reach  streams  either  through  sewers  or  by  being  washed  over 
the  surface  by  rains,  and  from  the  streams  pass  to  the  water 
supply  of  cities  below.  This  bacillus  has  been  known  to  live 
for  ten  days  or  two  weeks  in  river  water,  in  which  time  it  may 
travel  500  miles  or  more.  Excrement  which  has  lain  frozen 
on  the  ground  for  weeks  and  been  washed  into  a reservoir  by 
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a spring  rain  has  proved  to  contain  sufficient  active  bacilli 
to  cause  an  epidemic.  Therefore  any  stream  which  receives 
excreta  at  any  point  above  where  a water  supply  is  taken  is 
dangerous  for  such  use  unless  first  so  treated  as  to  remove 
or  kill  the  pathogenic  bacteria. 

That  the  disease  is  caused  by  the  water  supply  and  that 
a polluted  supply  can  be  rendered  innocuous  by  proper  treat- 
ment have  been  abundantly  proved  by  experience.  Scores  of 
cities  have  filtered  their  water  supplies,  and  almost  invariably 
the  typhoid  rate  has  fallen.  The  following  figures  give  the 
rates,  per  100,000  of  population,  of  deaths  from  typhoid  in  a 
number  of  cities  for  five  years  immediately  preceding  and  five 
immediately  succeeding  the  introduction  of  filtration  of  the 
water  supply,  omitting  in  each  case  the  year  in  which  the 
change  was  made. 


Albany,  N.  Y 

170 

102 

88 

100 

87 

21 

32 

20 

18 

19 

Paterson,  N.  J . . . . 

33 

46 

23 

23 

34 

7 

14 

4 

II 

10 

Pittsburgh,  Pa ...  . 

136 

139 

108 

141 

135 

13 

12 

10 

6 

10 

Lawrence,  Mass. . . 

127 

134 

119 

105 

80 

19 

16 

14 

34 

18 

Comparing  the  average  of  the  five  years  previous  with  the 
average  of  the  five  years  following  filtration,  we  find  the  typhoid 
death  rates  reduced  by  the  following  percentages:  Albany, 
74;  Charleston,  S.  C.,  41;  Cincinnati,  0.,  80;  Columbus,  0.,  . 
78;  Harrisburg,  Pa.,  54;  Hoboken,  N.  J.,  28;  Indianapolis, 
Ind.,  39;  Lawrence,  Mass.,  79;  Louisville,  Ky.,  58;  New  Haven, 
Conn.,  38;  New  Orleans,  La.,  33;  Paterson,  N.  J.,  69;  Pitts- 
burgh, Pa.,  85;  Scranton,  Pa.,  60;  Washington,  D.  C.,  43. 

Volumes  have  been  devoted  to  proving  the  desirability  of 
preventing  these  thousands  of  deaths,  since  it  has  been  proved 
that  they  can  be  prevented.  The  prevention,  if  effected  by 
means  of  a filtration  plant,  will  cost  about  35  to  50  cents  per 
year  for  each  consumer,  or  $35,000  to  $50,000  for  each  100,000. 
If  this  expenditure  will  prevent  50  deaths  per  100,000  popu- 
lation, this  makes  the  cost  of  saving  one  life  $700  to  $1000. 
But  for  each  death  there  are  at  least  10  cases,  each  costing 
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at  least  $ioo  for  medical  treatment  and  loss  of  wages,  or 
$1000  for  each  death  that  occurs.  The  estimated  value  to  the 
community  of  the  average  citizen  is  given  as  $1500  up  to  five 
years  of  age,  increasing  to  $7500  between  25  and  30  years, 
and  decreasing  to  $1000  at  65  to  70  years.  The  majority 
of  deaths  from  t}’phoid  occur  between  the  ages  of  15  and  35, 
and  the  average  loss  from  t}^hoid  deaths  is  calculated  to  be 
$4635.  If  filtration  costs  $50,000  per  year  for  100,000  popu- 
lation, the  expenditure  would  pay  from  a purely  financial 

r . .<•  1 1.  1 50,000 

pomt  of  view  if  the  hves  saved  = =0  per  100,000 

4635  + 1000 

population. 

T}4)hoid  bacteria  are  carried  to  victims  by  flies,  milk,  etc., 
and  the  use  of  sterile  water  would  not  entirely  eliminate  the 
disease.  But  students  of  statistics  conclude  that  the  “residual” 
rate  can  be  taken  as  14  in  the  Northern  states  and  20  in  the 
Southern.  Therefore  filtration  would  pay,  on  the  basis  of  the 
above  figures,  if  the  present  t}4)hoid  rate  equals  or  exceeds 
23  per  100,000  in  a Northern  city,  or  29  in  a Southern  one. 

Art.  12.  Investigating  Quality  oe  a Water 

To  determine  whether  a water  is  suitable  to  use  for  drink- 
ing or  for  commercial  or  other  purposes,  and  to  determine  what 
purification  or  modification  (if  any)  is  necessary  to  render  it 
suitable,  the  water  itself  should  be  examined  to  learn  what 
impurities  are  present,  and  its  source  and  subsequent  history 
should  be  investigated  to  learn  the  probable  origin  and  sig- 
nificance of  these  impurities. 

The  examination  should  include  physical,  microscopical, 
chemical,  and  bacterial  tests.  The  tests  most  commonly  made 
are  named  and  classified  by  Whipple  as  follows : 

Physical  Examination:  Temperature — turbidity — color — odor  (both  cold  and 
hot). 

Microscopical  Examination:  Quantity  of  microscopic  organisms  per  cubic 
centimeter — amount  of  inorganic  matter,  amorphous  matter,  etc. 

Bacterial  Examination:  Number  of  bacteria  per  cubic  centimeter — presence 
of  B.  coli  and  other  intestinal  bacteria  associated  with  pollution. 
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Chemical  Examination:  Total  residue  on  evaporation — loss  on  ignition — fixed 
solids — alkalinity — hardness — incrustants — iron — chlorine — nitrogen  as  albumin- 
oid ammonia — nitrogen  as  free  ammonia — nitrogen  as  nitrites — nitrogen  as 
nitrates — total  organic  nitrogen  (Kjeldahl  method) — oxygen  consumed — dissolved 
oxygen — free  carbonic  acid.  (Some  of  the  above  are  of  use  in  special  cases  only.) 

Quantitative  as  well  as  qualitative  tests  must  be  made, 
for  in  most  cases  the  amount  of  impurity  is  as  important  as 
the  nature  of  it.  For  instance,  normal  waters  often  contain  a 
measurable  amount  of  chlorine  which  is  perfectly  harmless; 
but  any  great  excess  over  the  normal  is  a probable  indication 
of  sewage  pollution. 

Physical  examinations  are  made  largely  for  determining 
whether  the  water  is  palatable  and  generally  favorable  for  use 
as  a beverage,  or  whether  the  turbidity  is  such  as  to  render 
it  unsuitable  for  boiler  or  commercial  uses. 

Microscopical  examinations  are  of  service  chiefly  to  assist 
in  interpreting  the  other  examinations.  If  the  chemical  examina- 
tion leads  to  a suspicion  of  sewage  pollution,  the  discovery  by 
the  microscope  of  starch  grains,  fibers  of  paper  and  of  muscle, 
threads  of  silk,  woolen,  cotton,  or  linen,  would  tend  to  confirm 
such  suspicion.  It  is  in  the  detection  and  identification  of 
living  organisms,  however,  that  microscopical  examination  is 
most  valuable.  Chemical  tests  do  not  determine  directly 
whether  the  organic  matter  present  in  a water  is  animal  or 
vegetable,  living  or  dead;  but,  if  it  is  living,  the  microscope 
reveals  this  and  generally  the  species  as  well.  Such  an  exam- 
ination may  serve  to  explain  the  cause  of  odor  and  taste; 
whether  high  albuminoid  content  is  due  to  sewage  or  other 
pollution  with  organic  refuse  matter,  or  to  the  presence  of  some 
organisms  such  as  algae  in  sufficient  quantities  to  be  revealed 
by  the  chemical  test;  what  organisms  are  attached  to  the  walls 
of  water  pipes,  what  are  growing  upon  the  surface  of  a filter 
bed,  etc. 

Bacterial  examinations  in  connection  with  water  supply 
are  employed  almost  exclusively  for  detecting  the  presence 
and  determining  the  number  of  bacteria  that  are  indicative 
of  sewage  pollution.  Since  sewage  contains  more  bacteria  than 
any  other  liquid  that  ordinarily  finds  its  way  to  streams,  high 
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numbers  in  a water  are  assumed  to  indicate  sewage  pollution. 
They  do  not  prove  it,  however,  since  this  abundance  may  be 
due  to  another  cause.  The  number  of  B.  typhosus  in  even 
sewage  itself  is  so  relatively  small  that  a bacteriologist  might 
spend  a lifetime  examining  polluted  water  without  ever  finding 
an  individual  of  this  species. 

Chemistry  enables  us  to  determine  both  quantitatively  and 
qualitatively  the  presence  of  the  elements,  and  in  many  cases 
we  can  determine  also  in  what  combinations  they  exist,  and 
in  still  other  cases  can  infer  such  combinations.  By  chemical 
tests  we  can  determine  how  much  temporary  or  permanent 
hardness  a water  has,  how  much  iron  it  carries,  how  much  lead, 
how  much  salt,  or  other  mineral  substances.  The  chemical 
test  is  the  principal  one  used  for  determining  whether  a water 
is  suitable  for  commercial  uses. 

By  chemical  tests  we  can  determine  the  presence  of  organic 
matter,  but  not  whether  it  contains  Hfe.  Certain  conditions 
or  combinations,  however,  have  been  found  to  be  due  to  the 
action  of  living  organisms,  and  chemistry  may,  by  showing  the 
existence  of  such  conditions,  enable  us  to  infer  the  presence 
of  such  living  organisms. 

As  an  illustration  of  the  use  of  the  several  tests,  the  chemist 
may  determine  that  a given  river  water  contains  more  than 
a normal  amount  of  nitrogen,  and,  knowing  that  sewage  con- 
tains a large  amount  of  nitrogen,  may  suspect  sewage  con- 
tamination. But  he  cannot  be  sure  that  the  nitrogen  was 
not  washed  out  of  the  air  by  rain  or  from  peaty  deposits  by 
ground  water.  The  bacteriologist  examining  the  same  water 
may  find  it  high  in  bacteria,  including  B.  coli,  a species  seldom 
(but  sometimes)  found  outside  of  sewage,  and  this  tends  to 
confirm  the  suspicion  of  sewage  pollution.  The  microscopist 
may  find  in  this  water  filaments  of  cotton,  woolen,  etc.,  which 
probably  form  parts  of  matters  discarded  by  human  beings; 
and  the  odor  of  the  heated  water  may  be  characteristic  of 
sewage.  All  these  form  cumulative  circumstantial  evidence, 
so  to  speak,  but  no  one  of  them  warrants  a decided  opinion, 
and  all  combined  furnish  an  opinion  only  and  not  a proof. 
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In  a determination  of  sanitary  qualities,  “The  value  of 
an  analysis  lies  in  its  interpretation,  and  each  part  of  the 
analysis  must  be  interpreted  by  comparison  with  all  of  the 
others  and  in  the  light  of  exact  knowledge  of  the  environment 
of  the  water.  The  interpretation  of  an  analysis  is  as  much 
a matter  of  expert  skill  as  is  the  making  of  the  analysis  itself. 
The  physical,  biological,  and  chemical  examinations  should 
be  interlocking  in  their  testimony,  yet  these  different  parts 
are  to  be  given  different  weight  in  the  study  of  different  prob- 
lems. For  example,  in  the  detection  of  pollution,  the  chemical 
and  bacterial  examinations  furnish  the  most  information;  in 
the  study  of  the  aesthetic  qualities  of  a water,  the  physical 
and  microscopical  examinations  are  most  important;  while  in 
investigations  concerning  the  value  of  a water  for  industrial 
purposes,  the  chemical  and  physical  examinations  alone  may 
suffice.”  (Whipple,  “The  Microscopy  of  Drinking  Water.”) 

Note  that  the  above  refers  to  a sanitary  analysis.  For 
determining  mineral  constituents  only,  chemical  analyses  are 
ordinarily  accurate  and  reliable. 

Sanitary  Survey.  Reference  is  made  in  the  above  quota- 
tion to  “exact  knowledge  of  the  environment  of  the  water.” 
If  the  object  of  the  analysis  referred  to  in  the  illustration  given 
was  to  determine  whether  the  water  contained  sewage  pol- 
lution, and  if  a sewer  was  known  to  discharge  into  the  river 
at  a point  a mile  or  less  above  where  the  sample  was  taken, 
such  knowledge  furnishes  more  absolute  proof  than  any  pos- 
sible number  of  analyses  could;  although  the  analyses  could 
show  what  chemical  effect  such  sewage  had  had  upon  the 
water,  how  it  had  affected  its  physical  appearance  and  to  what 
' extent  it  had  increased  the  number  of  bacteria  present. 

This  knowledge  of  environment  is  obtained  by  making  a 
' “sanitary  survey”  of  a stream  or  reservoir  site.  The  making 
! of  such  survey  is  a very  important  duty  which  is  too  often 
neglected.  Information  concerning  water  pollution  obtained 
in  this  way  is  not  only  final  and  definite,  but  it  reveals  the  source 
I of  pollution,  which  must  be  determined  in  any  event  if  the 
pollution  is  to  be  prevented  or  abated.  Such  a survey  has  as 
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its  purpose  the  discovery  of  any  sewers  which  may  be  dis- 
charging into  the  source  of  supply  or  any  of  its  feeders,  of  any 
discharge  thereinto  from  private  water  closets,  pigpens  or  other 
places  frequented  by  animals,  from  industrial  plants,  or  swamps, 
or  of  any  other  sources  of  pollution.  Such  a survey  should  be 
made  at  least  once  a year. 

Art.  13.  Making  and  Interpreting  Analyses 

While  it  is  not  necessary  and  is  seldom  possible  that  a water- 
works engineer  should  be  an  expert  chemist  or  bacteriologist 
(and  the  tests  and  conclusions  of  one  who  is  not  expert  are 
worse  than  useless),  he  should  understand  the  principles  and 
aims  of  the  tests  that  are  made  by  experts,  should  be  familiar 
with  the  terms  and  units  employed  in  reporting  such  tests, 
and  should  have  a certain  general  knowledge  of  the  significance 
attached  to  the  results  obtained. 

In  stating  the  amounts  of  the  several  impurities  in  water, 
certain  standard  units  of  measurement  must  be  employed, 
the  meanings  of  which  are  defined  with  great  precision. 

Units  of  Measurements.  Quantitative  statements  of  living 
organisms  are  made  in  terms  of  the  numbers  of  individuals 
present.  Quantities  of  the  various  elements  present  are  usually 
expressed  in  parts  per  million  of  the  containing  water,  on  the 
basis  of  weight.  The  amount  of  free  oxygen  is  also  sometimes 
described  as  a certain  percentage  of  “saturation,”  that  is,  of 
the  amount  that  is  contained  in  pure  water  under  normal  con- 
ditions when  saturated  with  air. 

Properties  or  qualities  of  water,  of  course,  cannot  be  based 
upon  weight  units,  but  others  rnust  be  employed.  The  following 
are  those  commonly  used: 

Turbidity,  although  caused  by  matter  in  suspension  and 
varying  with  the  amount  of  such  matter,  is  measured  by  a 
unit  based  upon  appearance  rather  than  quantity.  This  unit 
is  the  distance  beneath  the  surface  of  the  water  at  which  a 
platinum  wire  i millimeter  in  diameter  can  just  be  detected 
by  eye.  To  apply  this  standard,  a hardwood  rod  one-half 
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inch  square  and  about  4 feet  long  has  such  a wire  inserted  at 
right  angles  to  it  near  one  end,  and  an  open  eye-piece  near 
the  other  end  47 J inches  (1.2  meters)  distant  from  the  wire. 
The  eye  is  placed  at  this  eye-piece  and  the  other  end  of  the 
rod  lowered  gradually  into  the  water  until  the  wire  just  dis- 
appears. This  test  should  be  made  in  the  open  with  a clear 
sky,  but  not  in  direct  sunlight.  The  turbidity  is  measured  by 
an  arbitrary  scale,  that  recommended  by  the  U.  S.  Geological 
Survey  being  in  common  use.  In  this  scale  that  turbidity  that 
causes  the  wire  to  disappear  at  a depth  of  100  milHmeters  is 
called  100,  and  the  other  turbidities  are  assigned  numbers  as 
indicated  in  the  accompanying  table: 


GRADUATION  OF  TURBIDITY  ROD 


Turbidity. 

Depth  of  Wire,  mm. 

Turbidity. 

1 

Depth  of  Wire.  mm. 

10 

794 

160 

69 

15 

551 

180 

62 

20 

426 

200 

57 

25 

350 

250 

49 

30 

296 

300 

43 

40 

228 

350 

39 

50 

187 

400 

35 

60 

158 

500 

31 

70 

138 

600 

28 

80 

122 

800 

23 

90 

no 

1000 

21 

100 

100 

1500 

17 

120 

86 

2000 

15 

140 

76 

3000 

12 

The  quotient  obtained  by  dividing  suspended  matter  (ex- 
pressed in  parts  per  million)  by  turbidity  is  called  the  “tur- 
bidity coefhcient.^’  It  is. usually  between  0.4  and  0.6,  becoming 
greater  as  the  suspended  matter  becomes  coarser. 

It  is  apparent  from  the  above  that  turbidity  is  considered 
from  the  viewpoint  of  opacity  rather  than  of  quantity,  since, 
in  comparing  that  caused  by  different  kinds  or  colors  of  soils 
or  other  materials,  equal  turbidity  may  be  produced  by  unequal 
amounts  of  these  materials. 
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Turbidity  of  the  same  stream  varies  from  day  to  day,  being 
on  some  days  looo  times  as  great  as  on  others  in  certain  rivers. 

Color  is  expressed  in  parts  per  milhon  of  a standard  color- 
ing matter  required  to  give  corresponding  opacity  to  distilled 
water.  The  standard  coloring  matter  consists  of  1.246  grams 
of  PtCl42KCl,  containing  0.5  gram  of  platinum,  and  i gram 
of  COCI26H2O,  containing  0.25  gram  of  cobalt,  dissolved  in 
100  cubic  centimeters  of  concentrated  hydrochloric  acid  and 
enough  distilled  water  to  make  the  w^hole  equal  i liter.  This 
is  called  a color  of  500  parts  per  million.  Standards  of  any  lesser 
intensities  are  made  by  diluting  this  with  distilled  water. 
These  standards  are  placed  in  Nessler  tubes  of  such  dimensions 
that  the  100  cubic-centimeter  mark  comes  about  25  centimeters 
above  the  bottom.  The  water  to  be  tested  is  placed  to  the 
same  depth  in  a similar  tube  and  this  and  the  standard  tubes 
are  compared  by  looking  down  through  them  while  they  stand 
on  a white  porcelain  plate.  The  water  to  be  tested  is  first 
filtered  to  remove  all  turbidity. 

The  color  of  a given  water  may  undergo  seasonal  variations, 
but  these  are  not  so  great  nor  nearly  so  rapid  as  the  changes 
in  turbidity. 

Hardness  is  expressed  in  parts  per  million  of  alkalinity 
(note  that  not  all  alkalinity  is  ‘‘hardness’’)?  or  is  determined 
by  the  soap  test.  In  the  United  States,  water  with  50  or  less 
parts  per  million  of  hardness  is  called  “soft”;  and  that  with 
100  or  more  parts  per  million  is  called  “hard.”  In  England 
water  with  less  than  150  parts  is  called  “soft.”  The  soap 
test  is  only  approximate  and  consists  in  determining  the  amount 
of  a standard  soap  solution  that  must  be  mixed  with  a given 
amount  of  the  water  to  produce  a lather  that  persists  for  five 
minutes.  The  result  is  expressed  in  “degrees”  (each  degree 
corresponding  to  i part  of  CaCOs  to  70,000),  or  in  parts  per 
million. 

The  hardness  of  a given  water  is  practically  constant,  except 
when  it  is  due  to  pollution. 

Taste  and  Odor.  There  are  no  standards  of  taste  and  odor, 
but  merely  terms  which  have  been  commonly  adopted  for 
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describing  individual  impressions  as  to  them.  Among  the 
terms  used  are  “very  faint,”  “faint,”  “distinct,”  “decided,” 
“very  strong,”  “aromatic,”  “grassy,”  “nasturtium,”  “cucum- 
ber,” “fishy,”  “pigpen,”  “chemical.” 

Taste  and  odor  come  and  go  in  most  waters,  remaining  for 
only  a few  days  at  a time. 

Bacteria  are  reported  as  a certain  number  per  cubic  centi- 
meter of  water.  Since  i cubic  centimeter  may  at  times  contain 
thousands  and  even  millions  of  bacteria,  it  is,  of  course,  im- 
possible in  such  cases  to  count  the  total  number.  If  there  be 
reason  to  suspect  the  presence  of  more  than  200  per  cubic  centi- 
meter, I cubic  centimeter  of  the  sample  is  mixed  thoroughly 
with  9 cubic  centimeters  of  sterilized  or  distilled  water.  If 
more  than  2000  are  anticipated,  i cubic  centimeter  of  this 
diluted  mixture  is  again  diluted  with  9 cubic  centimeters  of 
sterilized  water;  and  the  successive  dilutions  may  be  con- 
tinued as  many  times  as  is  necessary  to  reduce  the  average 
number  of  bacteria  per  cubic  centimeter  to  200  or  less.  The 
number  of  bacteria  found  in  i cubic  centimeter  of  diluted  water 
is  then  expressed  as  such  number  with  as  many  ciphers  added  as 
there  have  been  dilutions. 

One  cubic  centimeter  of  the  original  water  or  its  dilution 
is  then  placed  in  a sterilized  Petri  dish  and  to  it  is  added  10 
cubic  centimeters  of  standard  agar  at  a temperature  of  40° 
C.,  and  the  agar  and  water  are  mixed  by  tipping  the  dish  back 
and  forth.  The  mixture  is  cooled  and  placed  in  an  incubator 
for  forty-eight  hours  at  20°  C.  The  assumption  is  that  the 
bacteria  present  are  distributed  throughout  the  mixture  in 
the  dish  and  that  each  of  them  generates  numerous  other 
bacteria  until  the  group  or  “colony,”  as  it  is  called,  is  suf- 
ficiently large  to  be  visible;  each  colony  being  then  taken  as 
representing  i bacterium  in  the  original  water.  The  number 
of  colonies  is  counted  by  the  aid  of  a lens. 

Another  test  is  frequently  made,  using  litmus-lactose-agar 
instead  of  agar  and  the  mixture  is  incubated  at  a temperature 

37°  C.  for  twenty-four  hours.  These  being  standard  tests, 
the  use  of  the  terms  20°  and  37°  counts  serves  to  distinguish 
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between  them.  In  the  latter  case  the  number  of  red  or  acid- 
forming colonies  also  is  recorded.  The  bacterial  count  at  20° 
indicates  water-  and  soil-bacteria;  the  count  at  37°  those  of 
sewage  origin;  but  this  distinction  is  not  rigid.  The  ratio 
of  the  37°  count  to  the  20°  count  is  taken  as  an  index  to  the 
pollution  of  the  water.  For  pure  water  this  is  i : 10  or  more; 
for  very  polluted  water  it  may  be  i : i.  Red  colonies  are  con- 
sidered to  indicate  B.  coli.*  Satisfactorily  filtered  water  should 
give  a 20°  count  below  100,  only  a few  on  agar  at  37°,  and 
very  infrequent  red  colonies  on  litmus-lactose-agar. 

Another  test  for  B.  coli  communis  is  made  by  use  of  standard 
lactose-peptone  bile  used  in  test  tubes.*  Each  tube  is  inoculated 
with  I cubic  centimeter  of  each  of  three  or  more  dilutions,  so 
selected  that  the  probability  is  that  the  highest  dilution  will 
contain  no  B.  coli.  A small  test-tube  about  3 inches  long  is 
inverted  and  dropped  in  the  larger  tube,  and  the  latter  is  then 
plugged  with  cotton.  The  tubes  are  then  incubated  at  37° 
C.  for  forty-eight  hours,  and  all  tubes  showing  20  per  cent  or 
more  of  gas  in  the  small  inverted  tube  are  called  positive,  that 
is,  it  is  assumed  that  B.  coli  were  present.  The  number  of 
those  present  is  not  indicated,  but  some  assume  that  in  the 
highest  of  the  dilutions  giving  a positive  result,  only  i bac- 
terium was  present.  If,  for  instance,  dilutions  of  i : 10  and 
I : 100  gave  positive  results,  while  no  gas  showed  in  the  i : 1000 
dilution,  it  might  be  assumed  that  there  was  i B.  coli  in  the 
I : 100  dilution.  This  is  not  the  common  practice,  however, 
but  the  results  are  ordinarily  indicated  by  the  use  of  the  plus 
or  minus  sign  to  indicate  the  presence  or  absence  of  gas  in 
the  different  dilutions. 

The  number  of  bacteria  may  increase  or  decrease  in  a sample 
of  water  after  it  is  taken;  therefore  the  tests  of  the  water 
should  be  made  immediately,  or  the  samples  kept  iced. 

The  methods  of  making  water  anlayses  have  been  stand- 
ardized by  the  American  Public  Health  Association;  and  these 

* Both  of  these  are  presumptive  tests  for  B.  coli.  There  are  other  bacteria 
that  give  the  same  indications  in  these  tests,  although  their  presence  is  not  so 
probable  as  that  of  B.  coli.  Other  standard  tests  should  be  made  if  greater 
certainty  is  desired. 
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methods  are  explained  in  detail  in  the  ‘^Standard  Methods  of 
Water  Analysis  ” published  by  that  society. 

Samples.  Examinations  of  water  are  made  for  public 
plants  by  most  state  boards  of  health,  and  there  are  numerous 
laboratories  that  make  a specialty  of  this.  In  sending  samples 
of  water  to  them,  great  care  must  be  taken.  The  bottle  in 
which  a sample  is  collected  and  sent  should  be  sterilized  by 
boiling  in-  water  or  steaming,  and  a glass  stopper  should  be  used 
and  similarly  sterilized.  (The  laboratory  will  generally  fur- 
nish a bottle  already  sterilized  and  sealed.)  If  a sample  is  to 
be  taken  from,  a faucet,  let  the  water  flow  until  that  standing 
in  the  service-pipe  has  wasted.  Open  the  bottle  while  the 
water  is  running  and  at  once  fill  the  bottle,  rinse  it  and  fill 
again;  rinse  the  stopper  and  insert  it  while  the  water  is  running 
over  it.  In  the  meantime,  do  not  let  anything  but  the  water 
come  in  contact  with  stopper  or  neck  of  bottle.  If  the  sample 
is  taken  from  a river  or  other  body  of  water,  open  the  bottle 
under  the  water,  rinse  it  and  refill  and  insert  the  stopper  while 
it  is  still  under  the  surface  of  the  water.  At  once  cover  the 
stopper  with  a cover  of  tin-foil  or  cloth,  tie  this  firmly  in  place 
and  seal  it.  Then  send  it  to  the  laboratory  by  the  quickest 
agency.  For  bacterial  analyses  it  is  desirable  that  the  bottle 
be  packed  in  ice  in  transit.  The  bottle  should  contain  not  less 
than  a half  gallon,  and  gallon  bottles  are  commonly  used  for 
this  purpose. 

Significance.  Most  minerals  found  in  water  have  little  or 
no  significance  except  ac  to  their  direct  effect  upon  the  accept- 
ability of  the  water.  To  illustrate:  calcium  carbonate,  if  found 
in  water  in  small  quantities  which  do  not  lessen  its  value  for 
boiler,  household,  or  other  uses,  may  be  disregarded.  But 
there  are  some  minerals  that  have  a special  significance  because 
I of  the  fact  that  they  may  indicate  pollution. 

I Organic  matters  found  in  water  must  be  studied  to  learn 
I whether  they  are  due  to  leaves  or  other  harmless  matters,  or 
' to  pollution  by  sewage  or  other  animal  filth. 

I Chlorine.  Of  the  minerals,  chlorine  is  the  most  important 
in  its  indirect  significance.  It  is  found  in*  normal  water  as 

i 

I 
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far  west  as  Ohio,  being  carried  inland  as  finely  divided  sea- 
spray.  In  certain  relatively  small  areas  of  this  eastern  section, 
as  around  Syracuse,  N.  Y.,  there  are  natural  deposits  of  salt 
in  the  earth  which  cause  the  streams  to  show  considerable 
chlorine  content,  and  west  of  Ohio  a large  proportion  of  the 
natural  waters  are  more  or  less  affected  by  salt  deposits  in 
the  soil.  The  amount  of  chlorine  derived  from  ocean  spray 
varies  quite  uniformly  with  the  distance  from  the  ocean.  In 
several  of  the  states  the  normal  amount  in  unpolluted  water 
has  been  determined  for  a great  many  localities  and  maps 
have  been  prepared  showing  ^dsochlors,”  i.e.,  lines  so  located 
that,  at  every  point  on  a given  ‘Tsochlor,”  unpolluted  water 
contains  the  same  amount  of  normal  chlorine.  Fig.  i shows 
the  isochlors  for  New  England  and  New  York. 

Aside  from  these  two  sources,  almost  the  only  other  source 
of  chlorine  is  domestic  drainage.  Salt  always  occurs  in  drainage 
from  animal  sources,  because  in  all  animal  economy  a certain 
fairly  definite  amount  of  salt  is  taken  in  with  the  food  and 
the  same  amount  is  expelled  from  the  body,  still  as  salt;  and 
the  salt  persists  after  all  organic  matter  has  been  removed  from 
the  water  by  chemical  or  bacterial  action,  by  sedimentation  or 
filtration.  The  average  amount  of  salt  excreted  per  person 
is  so  uniform  and  constant  and  so  persists  in  the  water,  that 
it  has  been  claimed  that  the  population  on  a given  drainage 
area  can  be  determined  by  the  amount  of  chlorine  above  the 
normal  found  in  the  stream  draining  it.  Chlorine  more  than 
normal  in  amount  is,  therefore,  an  almost  certain  indication 
of  sewage  pollution.  It  is  impossible  to  tell,  however,  how  far 
distant  in  either  space  or  time  such  pollution  occurred. 

Organic  matter  in  water  appears  as  living  organisms,  animal 
or  vegetable;  products  of  organic  life,  as  albumen,  urea,  tis- 
sue, etc.,  dissolved  or  suspended;  and  products  of  decomposition 
of  organic  matter,  such  as  salts  of  ammonia  and  carbonic  and 
nitric  acids.  Carbon  and  nitrogen  oscillate  between  the  or- 
ganic and  the  inorganic  state.  Organic  matters  cannot  be 
determined  directly  by  chemical  analyses,  but  only  by  indirect 
methods;  the  nitrogen  compounds  being  generally  taken  as 
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an  index  of  the  amount  present,  since  “it  is  the  nitrogenous 
organic  matter  which  has  the  greatest  sanitary  importance, 
owing  not  only  to  the  facflity  with  which  it  undergoes  decom- 
position, but  also  to  the  fact  that  nitrogen  is  an  essential  ele- 
ment in  all  living  matter.  Analytical  processes  of  great  accuracy 
enable  us  to  determine  nitrogen  in  four  forms;  namely,  as 
organic  nitrogen  (‘albuminoid  ammonia’),  as  ammonia,  as 
nitrous  acid,  and  as  nitric  acid.”  (Alass.  State  Board  of 
Health.) 

Organic  matter  consists  chiefly  of  carbon,  hydrogen,  nitro- 
gen, and  oxygen.  When  its  life  departs  it  begins  a decom- 
position, first  by  oxidation  of  the  carbon,  which  leaves  the 
nitrogen  combined  with  hydrogen  in  the  form  of  ammonia; 
and  subsequently  by  the  oxidation  of  the  ammonia  to  nitric 
acid  (NHs  to  HNO3),  which  generally  combines  with  seme 
mineral  base  in  the  water.  The  ammonia  (free  ammonia) 
discovered  by  chemical  analysis  indicates  that  organic  matter 
once  present  has  begim  rapid  decomposition.  That  not  yet 
decomposed,  whether  li\dng  or  dead,  is  changed  by  the  addition 
of  chemicals  to  ammonia  and  reported  by  the  chemist  as 
“albuminoid  ammonia”;  while  ammonia  that  has  been  oxidized 
is  recorded  as  “nitrites”  or  “nitrates,”  according  as  nitrous 
or  nitric  acid  has  been  formed.  Albuminoid  ammonia  is  about 
TT  nitrogen,  and  the  amount  of  this  obtained  by  the  analysis 
is  about  one-half  the  organic  nitrogen  present.  About  A of 
animal  matter  and  a much  smaller  part  of  vegetable  matter 
are  nitrogen;  algae  containing  about  A nitrogen.  Hence  the 
albuminoid  ammonia,  if  derived  wholly  from  algae,  times 
TT  X 2 X 15  would  give  approximately  the  amount  of  algae  present. 

‘ It  is  now  common  practice  to  determine  also  the  “total  organic 
nitrogen  ” present  by  what  is  known  as  the  Kjeldahl  method. 

I The  absorption  of  oxygen  in  the  formation  of  nitrous  and 
nitric  acid  generally  uses  up  much  of  the  free  oxygen  in  the 
water,  and  hence  the  absence  of  oxygen  in  the  water  is  some- 
times . considered  as  an  index  of  the  organic  matter  present. 
|i  The  amount  of  oxygen  absorbed  from  potassium  permanganate 
or  other  oxidizing  agent  by  the  water  to  replace  that  used 

I 
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up  is  generally  stated  as  ^‘oxygen  consumed.”  When  saturated 
with  oxygen,  water  at  32°  Fahr.  contains  14.7  parts  of  this 
by  weight  per  1,000,000;  and  at  80°,  8.1  parts.  The  amount 
of  “dissolved  oxygen”  is  generally  determined  in  parts  per 
million. 

The  oxidation  of  the  organic  matter  takes  time,  and  also 
requires  the  presence  of  free  oxygen  in  the  water;  the  greater 
the  amount  of  oxygen,  the  more  rapid  the  oxidation,  generally 
speaking.  If  there  is  not  sufficient  free  oxygen,  the  oxidation 
will  not  take  place.  Apparently  nitrates  may  yield  part  of 
their  oxygen  to  unoxidized  matter  and  by  so  doing  revert  to 
the  nitrite  form. 

High  ammonia,  nitrites,  and  chlorine  together  form  an 
almost  sure  indication  of  sewage  pollution.  The  excreta  from 
each  person  have  been  found  to  contribute  daily  'to  sewage  an 
average  of  .015  pound  of  free  ammonia,  .003  pound  of  albu- 
minoid ammonia,  .218  pound  of  dissolved  solids,  and  .042 
pound  of  chlorine.  These  amounts  will,  of  course,  vary  some- 
what with  the  age,  sex,  and  food-matter  of  each  contributor; 
but  by  their  use  an  approximate  idea  can  be  formed  of  the 
pollution  of  a stream  of  given  flow  which  is  caused  by  a given 
number  of  sewage  contributors. 

Art.  14.  Qualities  Desirable  in  a Water  Supply 

On  a knowledge  of  the  principles  and  considerations  outlined 
above  we  can  base  a judgment  as  to  what  qualities  are  desir- 
able in  water  furnished  as  a public  supply.  These  are  as 
follows : 

Matter  in  Suspension.  Any  matter  in  suspension  soils 
clothing  in  private  and  pubhc  laundries;  causes  deposits  in 
pipes,  reservoirs,  boilers  in  kitchens,  and  in  steam  plants; 
and  its  presence  in  drinking  water  is  repulsive  to  most  persons. 
In  addition,  if  the  suspended  matter  be  organic,  it  is  hable 
to  undergo  putrefactive  decomposition,  especially  when  de- 
posited in  pipes  or  reservoirs,  and  impart  offensive  odors  to 
the  water,  and  in  some  cases  color  as  well;  also  sulphuric 
and  other  corrosive  acids;  and  in  this  form  it  is  undoubtedly 
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productive  of  intestinal  trouble  in  those  who  take  it  with  their 
drinking-water. 

Water  should,  therefore,  be  entirely  free  of  suspended  matter, 
or  as  nearly  so  as  possible. 

Bacteria  are,  of  course,  suspended  matter,  but  are  so  minute 
and  constitute  such  a small  part  of  the  water  even  when  present 
in  enormous  numbers,  that  they  do  not  form  a sediment  and 
are  not  visible.  Their  objectionable  characteristic  is  the  mor- 
bific result  of  their  life  processes.  Of  millions  present  in  a 
glassful  of  water,  the  probabilities  are  that  only  one  or  two 
are  pathogenic,  and  possibly  none  is.  But  the  possibilities  of 
the  presence  of  any  disease-producing  bacteria  are  so  serious 
that  every  effort  should  be  made  to  reduce  to  a minimum  the 
number  present  in  drinking-water.  (If  the  water  is  never 
used  for  drinking,  the  presence  of  bacteria  is  of  no  importance.) 
Since  considerable  numbers  of  bacteria  imply  large  amounts 
of  organic  matter,  and  since  such  amounts  are  commonly  due 
to  sewage;  and  since  pathogenic  bacteria  may  occur  at  any 
time  in  sewage-polluted  water,  therefore,  the  presence  of 
large  numbers  of  bacteria  in  a water  should  be  considered  sus- 
picious and  the  cause  thoroughly  investigated. 

The  efficiency  of  a purification  plant  is  frequently  expressed 
in  percentage  of  bacteria  (or  sometimes  other  impurity)  removed. 
This  is  not  a reliable  test  of  the  efficiency  of  the  plant  nor  of 
the  safety  or  acceptability  of  the  effluent.  For  if  a water  con- 
tain a million  bacteria  per  cubic  centimeter,  a removal  of  99.5 
per  cent  would  still  leave  5000  bacteria  in  the  effluent;  while 
if  the  raw  water  contained  only  200  bacteria,  the  same  per- 
centage of  removal  would  leave  but  i in  the  effluent.  Almost 
any  filter  could  perform  the  former,  almost  none  the  latter. 
And  the  former  effluent  would  still  be  of  questionable  safety. 
The  better  plan  is  to  specify  the  average  and  maximum  numbers 
allowable  or  obtained  in  the  effluent. 

Matters  in  Solution.  Chemically  pure  water  is  not  obtainable 
or  desirable.  A certain  amount  of  hardness  (some  say  10  parts 
per  million)  renders  it  more  palatable  and  probably  plays  an 
important  part  in  the  physiological  functions,  and  the  same 
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is  tTue  of  chlorine  (salt)  up  to  2 or  3 parts.  Possibly  minute 
portions  of  other  minerals  are  beneficial  as  well,  but  of  this 
little  is  known. 

Lead  is  poisonous  in  large  doses,  or  taken  continually  for 
a long  time  in  small  doses  (since  each  increment  of  lead  re- 
mains in  the  system  for  some  time),  and  should  not  be  con- 
tained in  drinking-water.  Its  only  probable  source  is  lead 
pipes. 

Sulphur  is  objectionable  because  it  will  probably  be  or 
become  in  the  form  of  sulphuric  acid,  which  is  corrosive  of 
metal  pipes  and  plumbing  fixtures;  beause  it  may  occasion 
most  offensive  odors  (sulphuretted  hydrogen);  and  because 
it  may  be  poisonous  to  the  human  system. 

Iron  is  objectionable  in  any  amount  because  it  is  liable 
to  pass  into  the  insoluble  form  by  the  absorption  of  oxygen, 
and  stain  clothing,  wash-basins  and  everything  else  it  comes 
in  contact  with;  in  addition  to  which  there  are  the  general 
objections  to  suspended  matter. 

The  latest  standard  of  purity  to  be  accepted  by  water 
specialists  is  that  prepared  in  1914  for  the  U.  S.  Treasury  De- 
partment by  a committee  of  15  experts,  and  required  by  said 
department  to  be  observed  by  all  inter-state  common  carriers 
in  connection  with  water  supplied  by  them  for  drinking.  This 
standard  has  been  adopted  by  a number  of  cities  and  other  bodies. 
The  standard  is  a bacteriological  one  only,  and  is  as  follows:  * 

The  following  are  the  maximum  limits  of  permissible  bac- 
teriological impurity: 

1.  The  total  number  of  bacteria  developing  on  standard 
agar  plates,  incubated  twenty-four  hours  at  37*  C.,  shall  not 
exceed  100  per  cubic  centimeter.  Provided,  that  the  estimate 
shall  be  made  from  not  less  than  two  plates,  showing  such  num- 
bers and  distribution  of  colonies  as  to  indicate  that  the  estimate 
is  reliable  and  accurate. 

2.  Not  more  than  one  out  of  five  lo-cubic-centimeter  por- 
tions of  any  sample  examined  shall  show  the  presence  of  organisms 
of  the  bacillus  coli  group  when  tested  as  follows: 

*Reprint  from  the  Public  Health  Reports,  vol.  29,  No.  45,  Nov.  6,  1914. 
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(a)  Five  lo-cubic-centimeter  portions  of  each  sample  tested 
shall  be  planted,  each  in  a fermentation-tube  containing  not 
less  than  30  cubic  centimeters  of  lactose  peptone  broth.  These 
shall  be  incubated  forty-eight  hours  at  37°  C.  and  observed  to 
note  gas  formation. 

(b)  From  each  tube  showing  gas,  more  than  5 per  cent  of 
the  closed  arm  of  fermentation-tube,  plates  shall  be  made  after 
forty-eight  hours’  incubation,  upon  lactose  litmus  agar  or 
Endo’s  medium. 

(c)  When  plate  colonies  resembling  B.  coli  develop  upon 
either  of  these  plate  media  within  twenty-four  hours,  a well- 
isolated  characteristic  colony  shall  be  fished  and  transplanted 
into  a lactose-broth  fermentation-tube,  which  shall  be  incu- 
bated at  37°  C.  for  forty-eight  hours. 

For  the  purposes  of  enforcing  any  regulations  which  may 
be  based  upon  these  recommendations  the  following  may  be 
considered  sufficient  evidence  of  the  presence  of  organisms  of 
the  bacillus  coli  group: 

Formation  of  gas  in  fermentation-tube  containing  original 
sample  of  water  (a). 

Development  of  acid-forming  colonies  on  lactose-litmus-agar 
plates  or  bright  red  colonies  on  Endo’s  medium  plates,  when 
plates  are  prepared  as  directed  above  under  (b). 

The  formation  of  gas,  occupying  10  per  cent  or  more  of 
closed  arm  of  fermentation-tube,  in  lactose-peptone  broth  fer- 
mentation-tube inoculated  with  colony  fished  from  twenty-four 
hour  lactose-litmus-agar  or  Endo’s  medium  plate. 

These  steps  are  selected  with  reference  to  demonstrating 
the  presence  on  the  samples  examined  of  aerobic  lactose- 
fermenting  organisms. 

3.  It  is  recommended,  as  a routine  procedure,  that  in  addition 
to  five  lo-cubic-centimeter  portions,  one  i -cubic-centimeter 
portion  and  one  o.i -cubic-centimeter  portion  of  each  sample 
examined  be  planted  in  a lactose-peptone  broth  fermentation- 
tube,  in  order  to  demonstrate  more  fully  the  extent  of  pollu- 
tion in  grossly  polluted  samples. 

4.  It  is  recommended  that  in  the  above-designated  tests 
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the  culture  media  and  methods  used  shall  be  in  accordance  with 
the  specifications  of  the  committee  on  standard  methods  of 
water  analysis  of  the  American  Public  Health  Association,  as 
set  forth  in  “Standard  Methods  of  Water  Analysis”  (A.  P. 
H.  A.,  1912). 


CHAPTER  IV 


PURIFICATION  OF  WATER 

Art.  15.  Methods  of  Purification 

By  purifying  water  is  meant  totally  or  partially  removing 
impurities  from  it,  or  else  so  changing  them  that  their  presence 
is  less  objectionable.  An  illustration  of  the  former  is  the  re- 
moval of  suspended  clay  by  sedimentation  or  filtering;  an 
illustration  of  the  latter  is  the  bleaching  of  coloring  matter  or 
the  destruction  of  bacteria  by  sterilizing  agents. 

For  removing  suspended  matter  the  processes  are  sedi- 
mentation, in  some  cases  assisted  by  coagulation;  slow  sand 
filtration,  in  some  instances  assisted  by  coagulation;  rapid 
sand  filtration,  always  assisted  by  coagulation;  prefiltration — 
rapid  filtration  without  the  aid  of  coagulation. 

Matter  in  solution  can  be  removed  only  by  first  rendering 
it  insoluble  by  changing  its  chemical  combination,  and  then 
treating  it  as  suspended  matter.  In  some  cases  combinations 
are  effected  which  result  in  the  water  taking  into  solution 
new  mineral  matters  which  are  much  less  objectionable  than 
the  old. 

Living  organisms  may  be  removed  as  suspended  matter. 
They  may  also  be  deprived  of  life  by  applying  substances  known 
to  be  poisonous  to  them  (the  treatment  of  bacteria  in  this  way 
is  called  ‘‘disinfection”  or  “sterilizing”),  or  by  subjecting  them 
to  unfavorable  environment  such  as  removing  their  food  supply. 

In  most  cases  at  least  two  and  sometimes  four  or  five  different 
processes  are  used  in  treating  a water.  Effectiveness  and 
economy  should  both  be  considered  in  selecting  the  combination 
of  processes,  with  careful  regard  to  their  mutual  interrelation 
and  most  favorable  sequence  of  use.  The  general  conditions 
under  which  each  is  most  suitable  are  named  below;  but  it 
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should  be  clearly  understood  that  various  local  conditions  or 
peculiar  characteristics  of  the  water  may  call  for  modifications 
of  this  general  practice. 

Sedimentation  is  the  cheapest  and  generally  the  best  method 
of  removing  the  coarser  suspended  matters.  The  finer  the 
matter  the  longer  it  takes  it  to  settle,  and  consequently  the 
larger  must  be  the  basin  provided  for  holding  the  water  while 
sedimentation  takes  place.  If  the  water  must  pass  through 
a large  reservoir  anyhow,  clarification  (that  is,  removing  tur- 
bidity) may  well  be  continued  until  practically  all  of  the  sus- 
pended matter  has  settled  out.  It  is  cheaper  to  remove  the 
sediment  in  a mass  from  a reservoir  than  to  remove  it  by  a filter, 
provided  the  size  and  cost  of  the  reservoir  do  not  enter  in  as 
a factor. 

^ Coagulation  is  a process  by  which  there  is  introduced  through- 
out a water  a hydrate  of  aluminum  or  of  iron  or  other  coagulant, 
the  peculiar  property  of  which  is  that  it  collects  into  fiocculent 
masses  very  fine  suspended  matter,  which  in  this  form  settles 
much  more  rapidly  than  it  would  otherwise,  the  matter  so 
collected  including  colloids  and  bacteria  which  of  themselves 
would  not  settle  at  all.  Coagulation  also  removes  many  kinds 
of  matter  in  solution.  This  collection  of  suspended  matter 
into  masses  also  permits  straining  out  these  fine  particles  in 
filters  through  which  most  of  them  would  individually  pass 
unimpeded.  The  coagulant  is  but  little  heavier  than  water, 
and  settles  very  slowly;  and  it  may  therefore  be  economical 
to  remove  it  and  the  enmeshed  suspended  matter  by  filtering 
rather  than  by  the  long  storage  required  for  sedimentation. 

Since  sand  and  other  coarser  matters  will  settle  rapidly 
without  coagulation,  it  is  not  necessary  to  waste  expensive 
coagulant  on  them;  therefore  in  many  plants  the  coagulant 
is  not  added  to  the  water  until  after  the  coarser  matters  have 
settled  out. 

If  a basin  must  be  built  expressly  for  sedimentation,  it 
is  a matter  of  nice  calculation  and  adjustment  between  this 
and  the  succeeding  treatment  to  determine  what  size  of  basin 
will  be  most  economical.  This  will  depend  largely  upon  the 
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composition  of  the  suspended  matter,  but  also  upon  the  kind 
of  filter  or  other  process  used  for  completing  the  clarification. 
In  the  treatment  of  any  given  water,  and  using  a given  kind 
of  filter,  there  will  generally  be  a point  beyond  which  further 
removal  of  suspended  matter  can  be  accomplished  more  econom- 
ically by  filtration  than  by  sedimentation. 

Rapid  filtration  (also  called  mechanical  or  American  fil- 
tration) consists  in  passing  water  that  has  been  coagulated 
through  a bed  of  sand  at  a rate  of  about  loo  million  to  125 
million  gallons  per  acre  per  day.  The  coagulated  matter  col- 
lects on  or  near  the  surface  of  the  sand  bed.  If  the  coagulation 
has  been  properly  performed,  the  filter  will  retain  practically 
all  of  the  suspended  matters,  not  more  than  0.5  of  i per  cent 
of  the  bacteria  coming  through  with  the  efiluent.  The  matter  so 
collected  in  the  filter  is  removed  by  washings  the  sand  about 
once  a day.  (The  frequency  varies  with  the  rate  at  which 
coagulated  matter  collects  in  the  filter.)  If  the  fine  suspended 
matter  were  not  coagulated,  most  of  it  would  pass  through 
the  filter.  It  is  by  the  use  of  such  a filter  that  coagulated  matter 
that  has  not  settled  out  in  the  sedimentation  basin  is  removed. 
But  if  there  is  any  considerable  amount  of  suspended  matter 
in  the  raw  water,  applying  all  of  this  to  the  filter  without  pre- 
vious sedimentation  would  require  frequent  and  expensive 
washing  of  the  sand  and  a large  filter  plant,  which  would  in 
many  cases  be  less  economical  than  removing  a part  of  it  by 
sedimentation,  as  stated  above. 

A slow  sand  filter  (also  called  an  English  filter)  is  a bed 
of  sand  of  finer  grains  than  are  used  in  a rapid  filter,  and  through 
which  uncoagulated  water  is  passed  at  a rate  of  about  3 million 
gallons  a day.  (In  a few  cases  coagulation  is  used  occasionally, 
but  these  are  exceptional.)  This  rate  is  equivalent  to  qf  inches 
of  vertical  movement  per  hour,  which  is  so  slow  that  part  of 
the  suspended  matter  is  deposited  in  the  top  layer  of  sand. 
Also  there  forms  here  a mat  of  bacterial  jelly  (called  by  the 
Germans  Schmutzdecke) , which  also  coats  each  particle  of  sand 
to  a considerable  depth  and  attracts  and  holds  bacteria  and 
other  fine  suspended  matters.  The  bacteria  that  develop  in 
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the  bed  bring  about  an  oxidation  of  the  organic  matter  and 
sometimes  other  minor  changes.  The  accumulated  matter 
is  removed  from  these  filters  by  shoveling  off  a thin  top  layer 
of  sand.  (Exceptions  to  this  will  be  described  later  on.)  As 
slow  sand  filters  are  about  40  times  as  large  as  rapid  filters, 
this  cleaning  is  expensive;  and  if  coagulants  were  used,  such 
frequent  cleaning  would  be  required  as  to  make  the  cost  pro- 
hibitive. It  is  therefore  evident  that  these  filters  are  not  well 
suited  to  treating  coagulated  water.  Nor  can  they  be  used 
successfully  for  water  carrying  much  turbidity. 

Comparing  the  results  obtained  with  slow  and  rapid  filters, 
it  may  be  said  in  a general  way  that  thev  are  equally  effective 
in  removing  bacteria;  the  slow  filters  are  much  less  effective 
in  removing  fine  suspended  matter  and  color,  but  much  more 
so  in  the  oxidizing  of  organic  matters. 

If  the  water  contains  iron,  that  in  solution  can  be  thrown 
out  of  solution  by  aeration,  and  the  insoluble  iron  removed  by 
filtration.  If  it  be  hard,  the  alkalies  can  be  thrown  out  of 
solution.  In  either  case  the  matter  so  rendered  insoluble  is 
removed  by  filtration,  frequently  preceded  by  sedimentation. 

Water  carrying  other  mineral  matters  in  unusual  amounts 
require  special  chemical  and  mechanical  treatments;  but  these 
are  exceptional  cases,  each  of  which  must  be  treated  as  a sep- 
, arate  problem. 

Either  slow  or  rapid  filters  will  remove  99  to  99.7  per  cent 
of  all  the  bacteria  present.  There  are  several  methods  of 
treatment  in  common  use  for  destroying  bacteria,  but  which 
do  not  remove  them  or  any  other  matters.  These  are  known 
as  “disinfection”  or  “sterilization.”  The  methods  commonly 
employed  use  chlorine  as  the  agent;  but  ozone  and  violet 
rays  have  been  successful  experimentally. 

Algae  in  reservoir  water  may  be  killed  by  poisoning  them, 
copper  sulphate  being  the  agent  which  is  believed  to  be  best 
for  this  purpose,  everything  considered.  For  removing  them 
from  water  after  it  has  left  the  reservoir,  filtration  or  some 
variation  of  it  is  generally  employed.  For  removing  odors  and 
certain  other  objectionable  qualities  or  matters,  abundance  of 
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oxygen  is  supplied  by  various  methods  of  aerating,  generally 
by  causing  the  water  to  fall  through  the  air  in  spray  or  sheets. 
Aeration  also  releases  gases  entrained  or  in  solution  in  the 
water. 

The  above  are  but  general  statements,  given  briefly  for 
the  purpose  of  showing  what  methods  are  available  and  for 
what  purpose  each  is  specially  adapted.  The  several  methods 
will  be  discussed  at  length  in  the  following  pages.  From  this 
brief  review,  however,  we  may  draw  some  general  conclusions 
as  to  the  methods  most  effective  for  treating  the  various  com- 
binations of  impurities  in  order  to  render  a water  safe  and 
acceptable  for  a public  supply. 

If  a water  is  fairly  clear,  but  sewage  contamination  is  known 
or  suspected,  the  slow  sand  filter  is  probably  best.  (Good 
practice  requires  treating  for  pathogenic  bacteria  all  water 
that  flows  for  any  distance  over  the  ground  surface  or  in  open 
streams,  since  these  may  at  any  time  be  polluted.)  If  it  con- 
tain always  or  at  frequent  intervals  suspended  matter,  most 
of  which  will  settle  rapidly,  slow  sand  filters  preceded  by  sedi- 
mentation can  be  used.  If  considerable  very  j^e  matter  is 
frequently  present,  sedimentation  and  rapid  sand  filtration  are 
probably  best!  If  there  is  not  much  fine  matter,  but  the  water 
carries  considerable  color  which  it  is  desired  to  remove,  the 
rapid  filter  may  be  best.  If  the  water  is  treated  for  removal 
of  iron  or  hardness  by  throwing  them  out  of  solution,  again 
the  rapid  filter  is  preferable  for  removing  the  matter  rendered 
insoluble.  Iron  is  rendered  insoluble  by  aerating;  hardness 
alkalies  by  the  addition  of  certain  mineral  matters.  If  odors 
are  to  be  removed,  aerating  is  generally  employed,  or  a slow 
sand  filter  (in  which  filters  oxidation  takes  place),  or  frequently 
both.  If  a water  is  satisfactory  in  every  other  respect,  con- 
tains no  appreciable  suspended  matter,  but  may  possibly  at 
times  carry  pathogenic  bacteria,  then  disinfection  alone  may 
be  employed.  It  is  becoming  quite  common  practice  to  pro- 
vide disinfecting  apparatus  and  materials  in  all  purification 
plants,  to  be  used  when  the  water  is  unusually  polluted  with 
sewage,  or  in  case  of  a temporary  decrease  in  efficiency  of  the 
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filtration  plant.  Scores  of  plants  now  use  it  regularly  as  a 
final  process  for  destroying  practically  all  of  the  bacteria  that 
may  escape  the  filtration  or  other  processes. 

'Art.  16.  Sedimentation 

Although  sedimentation  is  the  oldest  and  simplest  method 
of  purifying  water,  the  natural  laws  controlling  it  are  but  little 
understood,  and  most  sedimentation  basins  are  designed  largely 
by  guesswork  or  rule-of-thumb.  Almost  any  basin  will  effect 
some  sedimentation,  but  the  amount  may  often  be  increased 
several  fold  by  using,  in  designing  and  operating,  the  knowledge 
that  is  available.  The  following  presents  briefly  the  ideas  of 
leading  engineers  who  have  given  the  subject  thought  and 
investigation. 

Suspended  matter  settles  through  water  owing  to  gravity, 
but  the  motion  is  resisted  by  friction  between  the  surface  of 
each  particle  and  the  water,  and  also  by  the  viscosity  of  the 
water.  The  viscosity  resistance  varies  with  the  temperature, 
being  about  twice  as  great  at  32°  F.  as  at  74°  F.  For  large 
particles  the  resistance  due  to  friction  is  much  greater  than 
that  due  to  viscosity,  but  as  the  particles  decrease  in  size,  the 
relative  effect  of  viscosity  increases.  Friction  resistance  varies 
as  the  square  root  of  the  diameter,  viscosity  as  the  square  of 
the  diameter.  According  to  Hazen,  the  settling  velocity  of 
particles  larger  than  i.o  millimeter  diameter  is  controlled  chiefly 
by  friction,  that  of  those  less  than  o.i  millimeter  diameter  is 
controlled  largely  by  viscosity,  and  between  those  diameters 
the  velocity  varies  approximately  as  the  diameters.  He  gives 
the  settlement  velocities  of  particles  of  mineral  sediment  below 
1.0  millimeter  diameter,  at  50°  F.,  as  shown  in  Table  No.  7. 

The  last  rate  is  equivalent  to  i foot  in  6000  hours,  or  about 
1 1 feet  per  year — a rate  of  no  practical  service  whatever.  Many 
bacteria  and  some  clay  particles  are  smaller  even  than  .0001 
millimeter. 

No  water  in  reservoirs  or  basins  is  absolutely  quiet.  The 
friction  of  moving  water  within  itself  is  very  slight,  and  the 
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least  inequality  of  pressures  causes  motion,  and  motion  once 
imparted  persists  for  a long  time  through  inertia.  Very  slight 
changes  in  temperature,  which  change  the  specific  gravity  of 
the  water,  or  the  friction  or  pressure  of  wind  blowing  over  the 
surface  may  cause  motion;  while  the  velocity  of  the  water  as 
it  enters  the  basin  causes  motion  in  the  entire  body  of  water 
which  cannot  be  entirely  prevented. 


Table  No.  7 

VELOCITIES  AT  WHICH  PARTICLES  OF  SEDIMENT  FALL  IN  STILL 
WATER  AT  50°  F. 


Diameter  of 
Particles,  in 
Millimeters. 

Settling 
Velocity,  in 
Millimeters 
per  Second. 

Diameter  of 
Particles,  in 
Millimeters. 

Settling 
Velocity,  in 
Millimeters, 
per  Second. 

Diameter  of 
Particles,  in 
Millimeters. 

Settling 
Velocity,  in 
Millimeters 
per  Second. 

I .oo 

100 

0.08 

6 

0.006 

0.055 

.8o 

83 

.06 

3-8 

.005 

•0385 

.6o 

63 

•05 

2.9 

.004 

.0247 

•SO 

53 

.04 

2. 1 

.003 

•0138 

.40 

42 

•03 

1-3 

.002 

.0062 

•30 

32 

.02 

0.62 

.0015 

•0035 

. 20 

21 

.015 

0.35 

.001 

.00154 

•IS 

15 

.010 

0.154 

.0001 

.0000154 

. 10 

8 

.008 

0.098 

These  motions,  and  especially  those  caused  by  temperature 
changes  and  wind  pressures,  cause  vertical  currents  which  tend 
to  keep  matter  in  suspension  and  retard  sedimentation.  It  is 
also  believed  that  any  longitudinal  motion  along  the  bottom 
of  a basin  (or  the  top  of  sediment  collected  in  the  bottom) 
causes  sufficient  upward  current  or  pressure  to  keep  from  final 
settlement  particles  whose  settling  velocity  is  less  than  the 
longitudinal  velocity  of  the  water. 

It  has  been  shown  by  numerous  experiments  that  after 
the  coarser  matter — probably  that  larger  than  o.i  millimeter — 
has  settled  out,  the  remainder  continues  distributed  uniformly 
throughout  the  depth  of  the  basin,  although  it  gradually  settles 
out.  That  is,  at  any  time  previous  to  complete  clarification 
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there  is  as  much  of  the  matter  then  in  suspension  in  the  top 
stratum  of  water  as  in  that  just  above  the  settled  matter; 
except  that  some  believe  that  the  top  inch  or  two  of  water 
clears  more  quickly  than  the  rest.  The  reason  for  this  is  not 
definitely  known. 

If  water  were  perfectly  quiet  in  a basin  2 meters  deep  and 
the  velocities  in  Table  No.  7 are  correct,  particles  i.o  milli- 
meter in  diameter  would  reach  the  bottom  in  twenty  seconds. 
During  the  same  time  particles  0.5  millimeter  in  diameter  would 
have  settled  from' a distance  of  1.06  m^eters  above  the  bottom, 
and  o.i  millimeter  particles  would  have  settled  from  a bottom 
stratum  0.16  meter  deep,  etc.  That  is,  the  bottom  layer  of 
sediment  v/ould  contain  all  the  i.o  millimeter  matter,  half 
of  the  0.5  millimeter  matter,  and  about  one-sixth  of  the  o.i 
millimeter  matter,  and  the  other  sizes  in  proportion. 

If,  instead  of  being  quiet,  the  water  moved  as  a mass  slowly 
from  one  end  of  the  basin  to  the  other,  the  particles  would 
settle  at  the  same  rate  as  before,  but  would  at  the  same  time 
have  a longitudinal  movement.  If  the  longitudinal  movement 
continues  long  enough  to  permit  the  particle  to  reach  the 
bottom  before  the  water  leaves  the  basin,  it  will  remain  in 
the  basin;  otherwise  it  will  probably  be  carried  out  with  the 
water.  As  stated,  the  longitudinal  velocity  of  the  bottom 
particles  of  water  probably  must  be  less  than  the  settling  velocity 
of  the  particles  of  suspended  matter  to  be  retained.  Little  is 
known  of  the  relative  velocity  of  these  bottom  particles  com- 
pared to  the  mean  velocity  of  the  water  as  it  flows  through  a 
basin,  but  it  possibly  will  average  about  one-third  of  this. 
If  this  ratio  be  assumed,  then  the  mean  velocity  of  flow  through 
a tank  may  be  three  times  the  settling  velocity  of  a given  size 
of  particle  without  preventing  the  settling  out  of  such  particles. 

From  this  it  would  follow  that  there  would  be  little  advantage 
in  having  a tank  longer  than  that  required  to  give  the  smallest 
particles  to  be  removed  (which  we  will  call  the  ^‘limiting”  par- 
ticles) time  to  reach  the  bottom.  As  a matter  of  fact,  the  first 
part  of  a tank  contains  currents  and  vortexes  caused  by  the 
velocity  of  the  entering  water;  and  near  the  outlet  the  velocity 
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increases  as  the  water  concentrates  to  the  smaller  area  of  the 
outlet  stream;  so  that  in  a basin  of  ordinarily  good  design, 
possibly  only  one-third  of  the  length  is  acting  to  best  advantage, 
and  the  full  length  of  the  basin  should  be  three  times  that 
just  given. 

A basin  which  water  neither  enters  nor  is  drawn  from  during 
sedimentation  is  called  an  “intermittent  basin.”  One  through 
which  the  water  flows  during  sedimentation  is  called  a “con- 
tinuous flow  basin.”  In  using  the  former  there  are  three  periods: 
filling,  settling,  and  emptying.  If  the  filHng  is  done  too  rapidly, 
currents  and  vortexes  will  be  set  up  which  will  continue  for 
hours  or  even  days.  If  the  water  is  withdrawn  too  rapidly 
it  will  stir  up  and  remove  matter  that  has  settled  out.  If 
the  three  periods  are  of  equal  length,  then  three  basins  must 
be  provided,  each  capable  of  holding  an  amount  equal  to  the 
average  quantity  clarified  by  the  entire  plant  during  one  period; 
and  a fourth  basin  for  use  while  one  of  the  others  is  being  cleared 
of  sediment.  Since  the  water  must  all  be  drawn  off,  the  outlet 
must  be  several  feet  lower  than  the  inlet — in  many  cases  a 
serious  objection. 

A continuous-flow  basin  empties  at  a level  only  an  inch 
or  less  lower  than  the  inlet.  The  velocity  of  flow  of  the  entering 
water  may  generally  be  less  than  in  the  case  of  the  intermittent 
basin.  And  if  the  currents  are  properly  controlled  by  baffles 
or  otherwise,  a continuous-flow  basin  will  give  as  good  sedi- 
mentation as  a triple  intermittent  basin,  or  even  better.  Most 
modern  basins  are  therefore  operated  as  continuous  flow. 

It  is  seen  from  the  above  considerations  that  the  size  of 
the  limiting  particles  may  be  determined  theoretically  by  the 
proportions  of  -the  basin.  A basin  of  a given  depth  and  length 
will  remove  practically  all  of  the  particles  larger  than  a given 
size;  or,  having  decided  upon  a Hmiting  size,  the  proportions 
of  the  basin  may  be  determined.  Unfortunately,  there  is  no 
definite  knowledge  as  to  what  allowance  must  be  made  for 
uncontrollable  currents  in  the  basin,  nor  even  the  best  way  to 
minimize  this  effect. 

The  assumption  that  the  mean  velocity  of  flow  through  a 
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tank  must  not  exceed  three  times  the  settling  velocity  of  the 
limiting  particles  gives  a method  for  determining  the  vertical 
cross-section  of  a basin,  the  area  of  this  equaling  the  quantity 
of  flow  per  second  divided  by  three  times  this  settling  velocity. 
This  leaves  the  relative  depth  and  width  undecided.  Since 
the  length  varies  directly  as  the  depth,  the  horizontal  area  of 
the  tank  is  a constant,  regardless  of  the  depth,  and  conse- 
quently a shallow  tank  would  seem  to  be  best  because  cheapest. 
But  it  is  generally  thought  that  the  tank  should  be  at  least 
5 to  8 feet  deep,  to  prevent  a stirring  up  of  sediment  by  surface 
currents.  • Tanks  as  deep  as  50  feet  have  been  built,  but  20 
feet  seems  to  be  a more  desirable  limit  of  depth.  Probably 
the  wisest  plan  is  to  use  that  depth  greater  than  5 feet  that 
will  prove  most  economical  for  construction.  It  should  be 
noted  that  the  calculated  depth  should  be  available  at  the  end 
of  a run,  when  the  greatest  amount  of  sediment  is  collected 
on  the  bottom.  Additional  depth  for  the  retaining  of  sedi- 
ment must  therefore  be  allowed. 

If  it  be  desired  to  plan  a basin,  capacity  1,000,000  gallons 
per  day  ( = 1.534  cubic  feet  per  second)  to  remove  all  particles 
up  to  and  including  .01  millimeter,  divide  1.534  by  3 X. 0005 
feet  (.0005  foot  = 0.1 54  millimeter),  giving  the  cross-section 
area  1023  square  feet.  The  basin  may  therefore  be  made 
10  feet  deep  and  102.3  feet  wide.  A particle  falling  .0005  foot 
per  second  will  fall  10  feet  in  5I  hours.  Multiplying  this  by 
3 to  allow  for  end  disturbances,  we  have  the  water  remaining 
in  the  basin  i6|  hours.  If  flowing  .0015  foot  per  second  (3 
times  the  settling  velocity  of  .01  millimeter  particles)  it  will 
flow  90  feet  in  ibf  hours,  which  may  be  made  the  length  of  the 
basin.  Or  the  basin  might  have  5 feet  effective  depth  and 
be  204.6  feet  wide  and  45  feet  long. 

If  water  entered  a basin  ^ having  a cross-section  of  1000 
square  feet  through  a pipe  having  an  area  of  2 square  feet, 
the  velocity  as  it  left  the  pipe  would  be  500  times  the  mean 
velocity  in  the  basin.  The  kinetic  energy  corresponding  to 
this  difference  must  be  destroyed  in  some  way.  Nature’s  way 
would  be  to  use  it  up  in  friction  caused  by  currents  and  vortex 
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motions.  These  greatly  interfere  with  sedimentation  and  are 
to  be  prevented  as  far  as  possible.  This  is  ordinarily  accom- 
plished by  reducing  the  entrance  velocity  and  by  retarding  the 
currents.  To  reduce  the  entrance  velocity  the  water  may 
first  enter  a chamber  extending  across  the  end  of  the  basin, 
and  leave  this  for  the  basin  over  a submerged  weir.  If  the 
weir  be  submerged  one-twentieth  of  the  depth  of  the  basin, 
the  velocity  is  reduced  from' 500 F to  20 F,  F being  the  mean 
velocity  of  flow  through  the  basin.  Another  way  is  to  approach 
the  basin  with  a large  “bell-mouth”  which  has  a width  equal 
to  that  of  the  basin  at  the  junction  of  the  two.  To  compel 
the  current  to  distribute  itself  across  the  full  width  of  the  bell 
mouth,  it  would  be  necessary  to  supply  guides  as  shown  in 
Fig.  2,  page  64. 

At  best  there  will  probably  be  a current  in  the  basin  caused 
by  the  velocity  of  the  entering  water.  If  the  entering  water 
is  colder  than  that  in  the  basin,  it  will  fall  to  the  bottom,  if 
warmer,  it  will  remain  near  the  surface.  In  either  case  it  will 
tend  to  move  at  gradually  decreasing  velocity  until  it  reaches 
an  obstruction,  by  which  it  will  be  deflected  vertically,  or 
horizontally,  or  both.  If  no  such  obstruction  be  presented, 
there  may  be  a rapid  surface  flow  from  the  entrance  weir  to 
the  effluent  weir,  the  rest  of  the  water  remaining  practically 
motionless  or  swirling  in  eddies.  The  designing  of  obstruc- 
tions (called  baffles)  is  one  of  the  most  important  parts  of 
designing  a sedimentation  basin,  and  one  concerning  which 
there  are  few  known  principles  that  are  generally  accepted. 
Any  baffle  contracts  the  area  of  cross-section  and  therefore 
theoretically  increases  the  velocity  of  flow,  while  the  aim  is 
to  diminish  it.  Baffles  must  be  so  designed  that  the  beneficial 
results  outbalance  this  objectionable  one.  This  can  be  accom- 
plished, and  well-designed  baffled  basins  do  as  much  work  as 
much  larger  ones  without  baffles.  Instead  of  baffling,  some 
plants  have  been  built  with  a series  of  basins  through  which 
the  water  flows  in  succession. 

It  seems  to  have  been  demonstrated  that  it  is  very  desirable 
to  prevent  the  entering  water  from  mixing  with  that  from 
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which  most  of  the  sediment  has  been  removed.  This  should 
be  one  of  the  aims  in  baffling. 

Since  i.o  milhmeter  matter  settles  twelve  times  as  fast  as 
o.i  millimeter  matter,  a basin  designed  with  the  latter  as  the 
limiting  size  will  theoretically  receive  all  of  the  i.o  millimeter 


Fig.  2. — Entrance  to  Sedimentation  Basin. 

Guide  walls  tend  to  distribute  flow  across  the  width  of  the  basin,  in  which  baffle  boards 

can  assist. 

matter  and  coarser  in  the  first  one-twelfth  of  its  length.  It 
is  the  general  experience  that  the  coarse  sediment  is  found 
near  the  entrance  end.  Also  in  most  waters  the  greater  bulk 
of  the  suspended  matter  consists  of  the  coarser  particles.  If 
it  were  all  of  the  same  size,  the  sediment  would  theoretically 
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be  spread  uniformly  over  the  bottom;  and  this  has  been  the 
experience  in  some  if  not  in  all  plants. 

It  is  evident  that  each  sedimentation  basin  should  be  de- 
signed expressly  for  the  water  to  be  treated,  after  making  a 
study  of  such  water  during  at  least  one  cycle  of  seasons  to  learn 
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PLAN,  SHOWING  STAGGERED  BAFFLES  AND  EDDIES  CAUSED  THEREBY 
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PLAN,  SHOWING  LONGITUDINAL  WALLS  TO  DISTRIBUTE  FLOW 
Fig.  3. — Baffles  in  Sedimentation  Basins. 


the  relative  amounts  of  the  different  sizes  of  particles  that 
constitute  the  suspended  matter  and  the  settling  velocity  of 
each.  Study  should  also  be  made  of  the  relative  cost  of  removing 
the  finer  matter  by  building  larger  basins,  by  using  coagulant, 
and  by  straining  out  such  fine  matter  in  filters,  respectively. 
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The  sediment  that  collects  in  sedimentation  basins  may 
be  enormous  in  amount,  and  require  frequent  removal.  St. 
Louis  in  1915-1916  intercepted  in  her  sedimentation  basins 
294,000  tons  of  matter  from  29,823  million  gallons  of  water. 
Of  this,  134,200  tons  was  removed  from  the  basins  by  teams 
and  the  remainder  was  flushed  out  into  the  sewers.  The  basins 
are  cleaned  on  the  average  about  once  in  nine  months  at  a 
unit  cost  of  2 cents  a cubic  yard.  This  is  perhaps  the  muddiest 
water  in  the  country  that  is  purified.  Ordinarily  a deposit 
of  an  average  depth  of  i or  2 feet  is  all  that  need  be  provided  for 
between  cleanings. 

Treatment  of  water  for  impurities  that  occur  only  at  long 
intervals,  such  as  excessive  turbidity  occasioned  by  unusual 
rainfall,  may  be  avoided  by  providing  sufficient  storage  to 
tide  over  several  days  and  taking  none  of  the  highly  polluted 
water  during  that  period.  This,  of  course,  necessitates  abiflty 
to  treat  (and  pump,  if  necessary)  at  a rate  greater  than  the 
average,  by  operating  either  more  units  of  the  plant  or  more 
hours  a day. 


Art.  17.  Coagulation 

According  to  Table  No.  7,  no  particle  smaller  than  .003 
millimeter  will  settle  to  the  bottom  of  an  ordinary  basin  in 
twenty-four  hours.  It  is  seldom  desirable  to  make  a sedi- 
mentation basin  large  enough  to  continue  sedimentation  longer 
than  this;  on  the  other  hand,  much  suspended  clay  and  most 
bacteria  are  smaller  than  .001  millimeter.  (Silt  of  one-fifth’ 
this  size  is  found  in  the  Mississippi  river.)  If  these  fine  particles 
can  be  collected  into  groups  or  composite  masses  which  pre- 
sent a smaller  area  of  surface  per  unit  of  volume,  they  will 
settle  more  rapidly,  and  their  removal  become  practicable. 
This  is  accomplished  by  the  use  of  coagulants. 

The  common  coagulants  are  soluble  salts  of  aluminum,  iron, 
copper,  zinc,  and  some  other  metals  that  react  with  hydroxides, 
carbonates  and  bicarbonates  of  the  alkalies  and  alkaline  earths 
to  form  an  insoluble  gelatinous  substance  which  at  first  per- 
meates the  water,  then  breaks  up  into  flakes  about  the  size 
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of  a pin-head,  which  form  about  any  particles  of  silt  or  bacteria 
present  as  nuclei.  These  flakes  have  a very  fine  sponge-like 
structure,  which  enables  them  to  absorb  coloring  matter  and 
gases  in  solution.  These  flakes  or  flocks  settle  slowly,  but  attract 
and  attach  to  themselves  other  particles  of  silt  and  other  flocks, 
until  masses  of  quite  considerable  size  are  formed,  which  settle 
to  the  bottom  in  a few  minutes.  There  generally  remain  other 
flocks,  however,  which  increase  in  size  but  little  and  settle  slowly. 

The  metallic  salts  generally  used  are  those  of  aluminum  and 
iron  (commonly  as  sulphates)  because  these  are  cheaper  and 
because  the  others  are  more  or  less  poisonous.  Alkaline  salts 
needed  to  effect  the  reaction  are  generally  found  in  the  water 
to  be  coagulated;  but  if  they  are  not  present,  or  are  in  too 
small  quantities,  alkalies  must  be  supplied,  hme  or  soda  being 
used  for  this  purpose.  Sulphate  of  aluminum  forms  a white 
precipitate,  and  sulphate  of  iron  a greenish-brown  one.  Sul- 
phate of  iron  is  not  acted  upon  so  quickly  by  the  natural  alkalinity 
of  most  waters  as  is  aluminum,  and  when  the  former  is  used, 
lime  is  generally  added  to  cause  a more  rapid  formation  of  the 
iron  hydroxide.  Iron  sulphate  costs  about  half  as  much  as 
aluminum  sulphate,  and  is  heavier  and  consequently  settles 
more  rapidly.  But  it  requires  more  expert  manipulation,  and 
is  therefore  best  adapted  to  large  plants  where  experienced 
chemists  are  on  hand  to  supervise  the  dosing,  and  to  quite 
muddy  water  where  the  amounts  of  coagulant  required  are 
considerable  and  the  cost  of  it  is  consequently  an  important  item. 

Aluminum  sulphate  comes  in  lumps  about  half  the  size  of 
a hen’s  egg,  and  may  be  purchased  by  the  car-load  or  in  barrels 
of  about  370  pounds  net.  It  is  generally  specified  to  contain 
not  less  than  17  per  cent  of  water-soluble  alumina.  Alum 
combined  with  lime  forms  soluble  calcium  sulphate,  which  causes 
permanent  hardness  to  the  extent  of  10.4  parts  per  million 
for  each  grain  per  gallon  of  aluminum  sulphate  used.  If  soda 
ash  is  used  to  supply  the  needed  alkali,  sodium  sulphate  is 
formed,  which  is  unobjectionable.  Reacting  with  either  soda 
ash  or  alkalinity,  alum  also  produces  carbonic  acid.  Not  only 
is  carbonic  acid  corrosive,  but  algae  are  more  likely  to  grow  in 
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water  containing  it  when  it  is  stored  in  open  reservoirs.  Soda 
ash  used  in  sufficient  quantity  to  neutralize  the  carbonic  acid 
is  the  most  desirable  treatment  and  also  the  most  expensive. 
If  there  is  not  sufficient  alkalinity,  present  in  the  water  or 
supplied,  to  react  with  the  aluminum  sulphate,  basic  sulphates 
will  form  and,  as  these  are  soluble,  no  coagulant  will  form. 

One  grain  per  gallon  of  aluminum  sulphate  will  remove  about 
lo  parts  per  million  of  color,  although  this  varies  with  the  nature 
of  the  coloring  matter.  For  remo\ing  turbidity,  at  least  0.3 
grain  per  gallon  should  be  used,  and  this  should  be  increased 
with  the  turbidity  up  to  a maximum  of  2 grains,  some  of  the 
aluminum  sulphate  being  absorbed  by  the  clay  in  suspension. 
The  amount  required  by  each  water  must  generally  be  deter- 
mined by  trial,  the  completeness  of  removal  of  the  contained 
turbidity  and  bacteria  bemg  the  test.  If  no  flakes  appear  in 
the  treated  water,  either  the  water  is  not  sufficiently  alkaline 
or  more  alum  should  be  used.  If  the  flakes  are  large  and  feathery, 
too  much  alum  is  being  used.  Each  grain  of  alum  per  gallon 
of  water  requires  10  parts  per  million  of  natural  alkalinity,  and 
the  water  should  contain  an  excess  above  this  of  at  least  10 
parts.  If  this  amount  is  not  present  naturally  in  the  water,  lime 
or  soda  ash  must  be  added  to  bring  the  total  up  to  this  amount. 

In  applying  alum  it  is  generally  dissolved  to  form  a 3 to 
6 per  cent  solution,  and  this  is  fed  into  the  water  at  such  rate 
as  to  give  the  desired  dose.  Or  the  alum  may  be  powdered  and 
fed  into  the  water  dry. 

Lime,  if  bought  as  quicklime,  must  be  slaked  in  iron  tanks 
with  about  four  times  its  weight  of  water  for  thirty  to  sixty  min- 
utes, then  diluted  further  and  fed  into  the  raw  water  through  a 
grid  or  other  device  for  distributing  it  diffusely.  If  hydrated 
lime  be  bought,  this  does  not  require  slaking  and  can  be  made 
directly  into  a solution  for  dosing,  or  can  be  powdered  and  fed  dry. 

Soda  ash  is  a fine  white  powder  which  dissolves  readily, 
is  convenient  to  handle,  prevents  after-precipitation-  of  calcium 
carbonate,  and  if  used  in  proper  amount  prevents  the  formation 
of  free  carbonic  acid.  But  it  costs  four  to  six  times  as  much 
as  lime. 
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When  sulphate  of  iron  is  used  as  a coagulant,  lime  is  always 
used  also;  and  lime,  being  slow  in  action,  is  apt  to  cause  after- 
precipitation unless  the  coagulated  water  is  kept  for  at  least 
four  to  six  hours  in  the  sedimentation  basin.  If  the  water 
contains  organic  coloring  matter,  the  iron  sulphate  may  give 
it  a black  tinge.  It  is  difficult  to  use  it  successfully  with  soft 
waters.  It  is  therefore  best  adapted  to  turbid,  alkaline  water. 
There  must  also- be  sufficient  oxygen  in  the  water  to  render  all 
the  iron  insoluble,  otherwise  it  wall  remain  in  the  clarified  water. 
About  0.4  or  0.5  grain  of  Hme  is  used  with  each  grain  of  iron 
sulphate.  There  must  be  sufficient  to  combine  with  the  iron 
sulphate,  remove  any  carbonic  acid  present,  and  give  an  excess 
of  I to  5 parts  per  million.  An  excess  of  lime  must  be  avoided; 
also  an  excess  of  iron,  which  may  render  the  water  acid.  The 
ferrous  hydroxide  coagulum  is  very  delicate,  and  the  water 
containing  it  must  not  be  violently  stirred.  The  amount  of 
iron  sulphate  required  varies  from  i grain  per  gallon  when  the 
water  has  a turbidity  of  100,  to  5 parts  for  a turbidity  of  2800. 

Even  when  coagulant  has  been  added,  it  may  take  several 
days  for  all  the  suspended  matter  to  settle  out;  and  the  pro- 
viding of  several  days’  storage  capacity  wall  generally  involve 
great  expense.  In  the  majority  of  cases  it  is  less  expensive  to 
complete  the  removal  of  the  suspended  matter  by  straining 
through  a filter.  Just  how  much  it  is  most  economical  to  remove 
by  sedimentation  and  how  much  by  filtration  will  vary  with 
the  nature  of  the  suspended  matter  and  local  conditions  that 
affect  construction  costs;  and  each  case  msut  be  decided  sep- 
arately. 

In  any  event,  the  water  must  pass  slowly  through  a basin 
to  give  the  chemicals  time  to  react,  lime  especially  requiring  a 
half  hour  or  more  for  this;  otherwise  coagulation  and  sedi- 
mentation may  take  place  after  the  water  has  passed  through 
the  filter.  When  used  for  securing  the  reactions,  the  basin  is 
called  a coagulating  basin;  but  there  will  also  occur  in  it  sedi- 
mentation of  the  coarser  matters.  If  there  is  much  matter 
that  will  settle  rapidly,  it  will  generally  be  economical  to  per- 
mit this  to  settle  before  the  coagulant  is  added,  since  the  amount 
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of  coagulant  required  is  governed  by  the  total  amount  of  sus- 
pended matter  present  in  the  water. 

Water  should  not  be  pumped  while  coagulation  is  taking 
place,  as  this  interferes  with  the  agglomerating  action;  but 
from  the  time  the  coagulant  is  added  until  after  the  water  has 
passed  through  the  filters  (if  the  water  is  filtered),  the  water 
should  move  slowly  and  with  as  little  agitation  as  possible. 

There  is  a popular  prejudice  against  putting  “chemicals” 
in  watfer,  due  largely  to  ignorance  of  tw^o  things — that  normal 
water  ordinarily  contains  matters  as  truly  chemicals  as  those 
used  in  treating  water — salt,  iron,  and  lime,  for  instance;  and 
that  the  amounts  used  are  so  minute  that  a consumer  would 
need  to  drink  hundreds  of  gallons  of  water  to  obtain  a medicinal 
dose.  In  fact,  no  free  alum  passes  through  a filter  if  it  is 
properly  operated,  and  the  same  is  true  of  iron  in  the  iron 
sulphate,  while  the  sulphuric  acid  formed  is  neutralized  by 
the  hme  or  natural  alkalinity  of  the  v/ater.  Perhaps  the  most 
objectionable  constituent  resulting  from  chemical  treatment 
is  carbonic  acid,  which  is  imbibed  fearlessly  in  soda  water  and 
bottled  carbonated  waters.  In  fact,  the  last-named  contain 
hundreds  of  times  as  much  chemical  adulteration  as  probably 
ever  flows  from  a water-purification  plant.  As  to  matters 
carried  in  solution  by  normal  waters,  a typical  unpolluted  hard 
water  was  found  by  analysis  to  contain  6 parts  of  sodium  sul- 
phate per  milHon,  57  of  calcium  sulphate,  8 of  sodium  and 
potassium  chloride,  7 of  sodium  and  potassium  nitrate,  i of 
bicarbonate  of  iron,  170  of  calcium  bicarbonate,  135  of  mag- 
nesium bicarbonate,  and  17  of  sihca — several  hundred  times  as 
much  “chemical”  matter  as  the  effiuent  of  any  well-operated 
coagulation  plant. 


Art.  18.  Filtration 

Rapid  Sand  Filters.  When  water  has  been  treated  with  a 
coagulant  and  this  has  collected  to  itself  practically  all  of  the 
suspended  matter  in  the  water,  all  of  this  matter  that  has  not 
previously  settled  out  may  be  removed  by  passing  the  water 
through  a sand  bed,  which  strains  out  the  flocks  of  coagulated 
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matter.  Most  of  these  are  caught  in  the  top  layer  of  sand, 
although  some  of  the  finer  matters  penetrate  to  a depth'  of 
several  inches.  In  addition,  after  a layer  of  the  coagulant 
jelly  has  collected  on  the  filter,  the  remaining  water  passes 
through  the  fine  pores  in  it,  and  in  doing  so  practically  all  of 
the  finest  suspended  matter  which  may  not  have  been  enmeshed 
by  the  coagulant  in  the  basin  is  caught  and  held  by  this  sur- 
face jelly. 

The  sand  used  has  an  effective  size  * usually  between  0.4 
and  0.6  milhmeter.  This  is  placed  to  a depth  of  about  26  to 
30  inches,  and  rests  upon  layers  of  gravel  graded  in  size  from 
I inch  or  less  at  the  top  to  I inch  or  more  at  the  bottom,  and 
having  a total  depth  of  about  a foot.  The  gravel  rests  upon 
a bottom  in  which  is  some  system  of  strainers  which  will  admit 
the  water  uniformly  at  all  points  and  keep  out  the  gravel. 
The  water  that  is  being  filtered  is  forced  through  the  sand 
by  keeping  its  surface  about  2 feet  above  the  top  of  the  sand. 

As  the  water  passes  through  this  at  the  rate  of  100  to  150 
million  gallons  per  acre  per  day,  or  about  12  to  19  vertical  feet  per 
hour,  silt  and  coagulant  collect  at  the  top  in  increasing  amount, 
until  finally  water  passes  through  it  too  slowly  for  economical 
working,  when  the  sand  is  washed  by  reversing  the  flow  of  water, 
the  upward  flow  carrying  out  most  of  the  silt  and  coagulant 
jelly,  the  dirty  water  being  drawn  off  to  a sewer  or  other  outlet. 
It  is  not  desirable  that  the  sand  be  washed  perfectly  clean,  but 
thin  films  of  the  jelly  left  on  the  sand  grains  help  to  clarify  more 
perfectly  the  first  of  the  next  run  of  water,  before  it  has  deposited 
its  own  jelly  layer.  (St.  Louis  appHes  an  aluminum  sulphate 
solution  to  the  water  on  top  of  a filter  after  cleaning  and  before 
renewing  filtration,  to  form  a coagulant  coating  rapidly  on  top 
of  the  sand.) 

Washing  takes  ten  to  twenty  minutes,  when  the  upward 

* The  effective  size  is  defined  as  “such  that  10  per  cent  of  the  material  is 
of  smaller  grains  and  go  per  cent  is  of  larger  grains  than  the  size  given.  The 
results  obtained  at  Lawrence  indicated  that  the  finer  lo  per  cent  have  as  much 
influence  upon  the  action  of  the  material  in  filtration  as  the  coarser  go  per  cent.” 
The  uniformity  coefficient  is  “a  term  used  to  designate  the  ratio  of  the  size  of 
grain  which  has  6o  per  cent  of  the  sample  finer  than  itself  to  the  size  which  has 
10  per  cent  finer  than  itself.” 
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flow  is  stopped,  the  sand  is  allowed  to  settle  for  a minute  or 
two,  and  filtering  is  begun  again.  This  is  the  general  action 
of  the  rapid  sand  filter.  Air  also  is  blown  through  some  filters 
in  washing  them,  to  assist  in  stirring  up  the  sand. 

Nearly  all  rapid  filters  are  built  in  a number  of  units,  rect- 
angular in  shape  and  uniform  in  size,  the  dimensions  varying 
from  15  to  50  feet  in  the  different  plants;  concrete  being  used 
for  the  building  material.  The  standard  plan  is  to  arrange  the 
filter  beds  on  two  sides  of  a central  gallery,  in  which  gallery 
are  pipes  (or  conduits,  if  the  quantity  treated  is  very  large) 
for  bringing  the  coagulated  water  to  the  beds,  removing  the 
filtered  water,  supplying  filtered  water  and  air  for  washing, 
and  drains  for  removing  the  dirty  wash-water.  Each  of  these 
pipes  is  connected  to  the  proper  part  of  each  bed  by  a branch 
which  is  controlled  by  a gate  valve.  The  coagulated  water 
generally  flows  from  the  feed  main  into  a gutter  that  extends 
the  full  length  of  the  bed,  over  whose  sides  as  weirs  it  flows 
onto  the  sand  with  a minimum  of  disturbance.  The  filtered 
water  passes  by  gravity  through  the  strainers  at  the  bottom 
of  the  sand  bed  into  the  filtered-water  main  and  in  this  flows 
to  a dear-water  basin.  (In  some  plants  the  dear-water  basin 
is  under  the  filters,  partly  for  economy  of  land  and  construction, 
partly  because  here  it  is  kept  cool  and  light  is  excluded  to  pre- 
vent growth  of  algae.)  '^In  washing,  filtered  water  is  forced 
thr.ough  a wash-water  main  into  and  through  the  strainers 
from  below  and  up  through  the  sand,  the  volume  used  being 
sufficient  to  bring  the  sand  to  a semi-suspension  and  wash  out 
the  dirt,  but  not  sufficient  to  carry  the  sand  out  into  the  drain/ 
In  many  plants  the  bonding  of  the  sand  together  by  dirt  and 
jelly  is  broken  up  by  blowing  air  through  the  sand  before  the 
wash-water  is  turned  on,  which  permits  lower  velocity  of  wash- 
water — an  advantage  because  of  the  tendency  of  high  velocity 
to  raise  the  gravel  and  allow  the  sand  to  fall  through  it  onto 
the  strainers.  Where  air  is  not  used,  it  is  customary  to  place 
a brass  screen  between  the  gravel  and  sand  to  prevent  the 
gravel  rising  (which  screen  may  corrode  and  break,  as  happened 
at  Cincinnati).  The  older  filters  (and  some  of  the  smaller 
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when  filtering  is  resumed.  The  wash-water  may  be  supplied 
by  special  pumps,  may  be  drawn  from  the  pumping  main  feed- 
ing the  city  distribution  system,  or  from  a tank  elevated  to  the 
height  necessary  to  give  the  desired  pressure,  this  tank  being 
filled  by  pumps  or  from  the  pumping  main.  The  last  is  the 
best,  at  least  for  large  plants. 


new  ones)  were  circular  in  plan,  and  revolving  rods  or  raking 
bars  were  used  to  stir  up  the  sand  in  washing. 

Filtered  water  should  be  used  for  washing,  otherwise  bacteria 
and  other  impurities  might  be  carried  into  the  bed  by  the 
wash-water,  and  be  washed  out  into  the  dear-water  main 


Fig.  5. — Strainers  in  Floor  of  Rapid  Filters,  Baltimore,  Md. 

Filtered  water  leaves  through  openings  in  the  strainer  plates  that  cover  the  long  narrow 
slots  and  communicate  with  the  wide  central  drain.  Wash  water  enters  through 
openings  in  this  drain,  a deflector  plate  over  the  opening  distributing  the  water  so 
that  it  will  pass  under  and  rise  through  all  the  strainer  plates.  A deflector  plate  is 
seen  at  the  far  end  of  the  central  drain.  The  troughs  spanning  the  filter  lead  away  the 
wash  water,  which  flows  over  their  edges  as  weirs;  and  the  untreated  water  enters  by 
the  same  troughs  or  “ gutters.” 
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There  are  numerous  details  for  facilitating  operation,  many 
of  them  patented.  These  include  strainer  systems,  which 


furnish  outlet  for  the  purified  water  and  inlet  for  the  wash- 
water  and  air;  rate-of-flow  controllers,  for  maintaining  the 


Fig.  6. — Rapid  Filters  at  New  Milford,  N.  J. 

Shows  operating  “ gallery,”  with  six  operating  stands  on  each  side.  Each  stand  is  opposite  the  center  of  a filter  and  contains 
switches  for  controlling  all  the  operations;  also  gages.  Only  the  ends  of  the  filters  are  exposed  in  the  building,  the  greater  part  - 
of  each  extending  beyond  the  building,  where  it  is  covered  with  a flat  roof  under  the  ground  level.  The  various  pipes  and 
valves  are  in  a passage  under  the  operating  gallery  and  between  the  two  rows  of  filters. 
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flow  through  the  filter  constant  at  any  desired  rate;  a draft 
tube  for  creating  negative  pressure  (‘‘suction”)  in  the  outlet 
of  the  filter;  valves  operated  hydraulically,  etc.  The  larger 
plants  have  for  each  filter  an  operating  table  at  which  are  six 
levers,  each  of  which  controls  a valve  (each  filter  has  an  influent, 
effluent,  wash- water,  sewer,  air,  and  filter-drain  valve) ; a 
loss-of-head  gage  showing  the  friction  head  for  the  filter;  and 
possibly  rate-of-flow  indicators,  and  gages  showing  pressure  in 
wash-water  and  air  pipes.  There  should  also  be  provision  for 
obtaining  a sample  of  the  effluent  from  each  filter  at  any  time. 

The  result  obtainable  by  rapid  sand  filters  may  be  illus- 
trated by  the  St.  Louis  filters,  which  are  among  the  most  com- 
plete and  largest  in  the  country.  During  the  year  1915-1916 
the  following  results  were  obtained: 

Table  No.  8A 

RESULTS  OBTAINED  BY  ST.  LOUIS  PURIFICATION  PLANT,  1915-1916 

Note:  The  water  is  treated  with  lime  and  ferrous  sulphate  and  passed  through 
sedimentation  basins.  Aluminum  sulphate  is  then  added  and  it  is  passed  through  rapid  sand 
filters.  Chlorine  is  applied  to  the  effluent.  The  filters  started  in  regular  operation  in 
the  middle  of  May,  1915.  The  fiscal  year  ends  March  31. 

Of  the  letters  used  for  column  heads,  R means  raw  river  water:  A,  water  after  settling 
and  as  applied  to  the  filters:  F,  effluent  from  filters;  M,  water  as  it  enters  the  mains; 
C,  water  as  drawn  in  the  city.  Figures  are  the  averages  for  the  several  months. 
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89 
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20 
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36 

15 
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95 

Sulphates  increased  from  56.9  parts  per  million  in  the  raw  water  to  70.4  in  the  filter 
effluent  because  of  the  use  of  sulphates  of  aluminum  and  iron  as  coagulants.  Chlorine 
was  8.5  and  8.6  respectively  (chlorine  cannot  be  removed  by  treatment  processes).  Nitrates 
decreased  from  3.9  to  3.3.  Dissolved  solids  decreased  from  224  to  178. 


Table  No.  8B 

BACTERIAL  RESULTS  OF  ST.  LOUIS  PURIFICATION  PLANT,  1915-1916 
Numbers  per  Cubic  Centimeter 
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* On  and  after  November  i,  lactose  broth,  instead  of  lactose  bile,  was  used  for  colon  determinations, 
t Average  of  bile  or  broth  and  Endo  determination. 

Note:  Filters  were  placed  in  operation  about  the  middle  of  May,  1915. 
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In  the  New  Orleans  filters,  which  have  been  operated  since 
1910,  the  only  sedimentation  is  in  the  grit  chamber  and  coag- 
ulating reservoir.  The  average  figures  for  1915  for  raw  water, 
effluent  from  coagulating  reservoir,  and  filter  effluent  were  as 
follows:  Turbidities — 900,25,0.  Alkalinities — 91,42,35.  Bac- 
teria— 1900,  170,  15.  The  maximum  number  of  bacteria  in 
filter  effluent  was  250.  There  were  used  4.75  grains  of  lime 
and  0.60  grain  of  iron  per  gallon.  The  average  length  of  run 
between  hours  was  156;  0.4  per  cent  of  the  water  filtered  was 
used  in  washing  the  filters.  j 

The  rapid  filters  above  described  are  known  as  the  gravity 
type.  A number  of  municipal  and  more  commercial'  plants 
use  pressure  filters.  These  act  on  the  same  principle  as  gravity 
filters,  but  the  sand  bed  and  strainers,  being  under  pressure, 
are  enclosed  in  a steel  cylinder,  for  which  reason  the  capacity 
of  each  unit  is  generally  limited  to  half  a million  gallons  a day. 
(The  largest  plant  to  date — 1916 — is  that  at  Atlanta,  Ga. — 21 
million  gallons;  but  of  the  151  in  service,  140  are  5 million  or  I 
less  capacity.)  This  cylinder  is  generally  interpolated  in  the  1 
pumping  main  and  the  water  in  it  may  therefore  be  under  I 
100  pounds  pressure  or  more;  but  the  pressure  forcing  it  through  | 
the  sand  (the  difference  of  pressures  at  inlet  and  outlet)  should  I 
be  no  greater  than  in  a gravity  filter.  The  cylinders  are  some-  | 
times  vertical,  but  more  often  have  the  axis  horizontal.  i 

The  advantages  of  pressure  filters  are  that  they  cost  con-  I 
siderably  less  than  gravity;  can  be  installed  more  quickly — I 
the  smaller  sizes  are  kept  in  stock;  are  more  accessible  for  ]| 
repairs;  are  more  economical  of  floor  space — may  even  be  | 
placed  one  above  the  other.  They  often  are  used  without  j 
either  coagulation  or  sedimentation  basins,  and  thus  the  low  J 
lift  from  river  to  basin  is  eliminated;  but  with  many  waters  | 
the  sedimentation  is  desirable,  and  the  omission  of  it  detracts  | 
from  the  efficiency  of  the  filter.  Even  when  such  basins  are  Ij 
supplied,  the  pumping  of  the  coagulated  water  before  it  has  I 
been  filtered  is  said  to  break  up  the  flock.  Another  disadvantage  I, 
is  that  devices  for  controlling  the  rate  of  filtration  and  the  rate  3 
of  supplying  coagulant  have  not  been  perfected.  Because  of  11 
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:i 

||  this,  of  the  high  pressure  in  the  tank,  and  difficulty  of  watching 
I the  operation,  there  is  more  liability  of  overworking  the  filter, 

I of  flushing  out  sand  when  washing  it,  and  in  other  ways  of 

II  producing  inferior  results  if  the  filter  is  not  carefully  and  in- 
telligently  watched,  than  in  the  case  of  gravity  filters.  Many 

I engineers  believe  that,  with  improvement  in  the  mechanical 
features,  the  pressure  filters  can  be  depended  upon  for  effective 
i service,  especially  since  any  lapse  in  bacterial  removal  can 
be  remedied  by  applying  a disinfectant  to  the  effluent;  also 
I that  there  are  certain  conditions  where  a pressure  plant  could 
be  located  much  more  easily  than  a gravity  plant, 
j Slow  sand  filters  were  in  use  for  many  years  before  rapid 
sand  filters  were  de\Tsed.  They  have  been  used  in  England 
since  1829  and  in  this  country  since  1872;  while  rapid  sand 
filters  were  first  used  for  municipal  supplies  in  1885,  and  were 
first  established  on  a sound  scientific  basis  by  the  investiga- 
tions of  Geo.  W.  Fuller  at  Louisville  in  1895-1898,  and  by  others 
during  the  next  few  years.  A slow  sand  filter  consists  of  a 
series  of  water-tight  basins,  each  usually  between  \ acre  and  i 
acre  in  area,  filled  with  sand  to  a depth  oJ  2 J to  5 feet.  This  sand 
rests  upon  graded  gravel,  as  in  the  rapid  filters,  and  the  gravel 
upon  a floor  sloping  to  drains  placed  at  intervals  to  remove 
the  filtered  water.  In  general  the  gravel  is  placed  in  layers 
2 to  8 inches  thick,  the  grains  or  stones  in  each  layer  having 
about  one-third  the  diameter  of  those  of  the  layer  beneath. 
In  the  Albany  filters  the  bottom  layer  was  7 inches  thick, 
of  stone  I to  2 inches  in  diameter;  the  next  of  f-inch  to  i-inch 
stone;  the  next  varying  from  f inch  to  the  size  of  the  sand 
used  (say  A of  an  inch);  each  of  the  upper  layers  being  2^ 
inches  thick. 

The  underdrains  may  be  of  sewer  pipe,  with  joints  laid 
open  and  wrapped  with  cheese-cloth;  or  split  pipe  laid,  con- 
' cave  surface  down,  on  a smooth  cement  floor  (frequently  bedded 
in  a thin  layer  of  fresh  mortar),  with  joints  open;  or  special 
box  drains  with  slotted  top  surfaces.  Whatever  the  detail, 
they  should  be  of  abundant  capacity  for  removing  the  filtered 
water  at  a rate  at  least  double  that  for  which  the  filter  is  designed. 
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From  " Water  Purification  Plants  and  Their  Operation,”  by  Milton  F.  Stein;  by  permission  of  the  author. 


FILTRATION 


81 


The  side-walls  of  the  filter  basin,  and  any  piers  therein  for 
supporting  a roof,  generally  have  offsets  in  their  surfaces  (prob- 
ably a rough  surface  also  would  be  advantageous)  to  prevent 
water  that  passes  through  the  filter  from  following  the  wall 
and  thus  reaching  the  underdrains  without  passing  through 
the  sand.  The  walls  and  bottom  should  be  water-tight,  to 
prevent  loss  of  water  and  even  more  to  prevent  infiltration  of 
impure  ground  water. 

Most  filters  are  covered  over,  especially  those  in  climates 
where  solid  ice  forms,  to  prevent  the  beds  from  freezing  or  the 
water  above  them.  Roofs  also  prevent  the  growth  of  algae, 
which  have  been  known  to  clog  filters  badly.  They  add  about 
$15,000  to  $20,000  an  acre  to  the  cost  of  filters,  but  will  generally 
save  many  times  this  in  operating  expenses.  The  almost  in- 
variable practice  in  this  country  is  to  cover  the  filter  with  a 
groined  roof  of  concrete,  resting  on  concrete  piers,  which  in 
turn  rest  on  a concrete  bottom  of  inverted  groined  arches. 
There  are  different  methods  of  cleaning  slow  sand  filters,  and 
there  must  be  provided  in  the  construction  the  runways,  pipes, 
etc.,  necessary  for  performing  the  cleaning  process  adopted. 

A constant  depth  of  water  over  the  sand  is  maintained  by 
a float-valve  that  controls  the  inlet  pipe.  The  rate  of  filtration 
is  kept  constant  by  varying  the  head  (between  inlet  and  outlet 
of  filter)  as  the  resistance  of  the  sand  bed  varies,  and  this 
is  effected  at  the  outlet,  several  contrivances  being  available 
for  this  purpose,  some  automatic  and  others  regulated  by  hand. 
Some  of  the  automatic  ones  are  based  on  the  general  principle 
of  maintaining  a constant  head  on  a weir  over  which  the  effluent 
flows  in  leaving  the  filter;  others  use  a venturi  meter  on  the 
effluent  line  to  operate  a valve  controlling  the  effluent,  etc. 

In  slow  sand  filters  the  water  is  passed  through  the  sand 
at  a rate  between  2f  and  6 million  gallons  per  acre  per  day, 
or  about  one-fortieth  to  one-twentieth  the  rate  of  rapid  sand 
filters.  The  sand  generally  has  an  effective  size  of  0.3  to  0.4 
millimeter,  or  about  two-thirds  that  used  in  the  rapid  filters. 
The  water  is  not  coagulated  first,  but  should  be  passed  through 
a sedimentation  basin  if  turbid.  As  the  water  moves  slowly 
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through  the  filter  (the  actual  velocity  through  the  interstices 
averages  about  a foot  in  ten  to  twenty  minutes)  it  deposits  any 
suspended  matter  that  it  may  carry  on  the  tops  of  the  sand  grains. 
Also  there  accumulates  around  each  sand  grain  a jelly-like  film 
of  bacterial  origin.  Most  of  this  gelatinous  growth  and  of  the 
deposited  sediment  collects  in  the  top  half-inch  or  so  of  the  bed, 
and  combined  form  what  the  Germans  call  schmutzdecke,  which 
term  has  been  adopted  in  this  country.  This  schmutzdecke 
acts  as  a finer  straining  medium  for  removing  bacteria  and 
other  suspended  matters;  and  it  is  probable  that  it  attracts 
and  holds  such  matters  by  surface  adhesion  and  possibly  in 
other  unknown  ways.  Not  until  this  is  formed  does  the  filter 
reach  its  full  efficiency;  and  this  requires  several  days  and 
sometimes  weeks.  During  the  first  two  or  three  days  75  per 
cent  of  the  bacteria  in  the  applied  water  may  appear  in  the 
effluent,  and  it  may  be  two  or  three  weeks  before  99  per  cent 
or  more  are  removed  by  the  filter.  (The  diameter  of  the  inter- 
stices between  clean  sand  grains  is  several  hundred  times  the 
thickness  of  a bacterium.) 

After  passing  through  the  schmutzdecke,  in  which  it  has 
left  75  to  85  per  cent  of  the  bacteria  and  an  even  larger  per- 
centage of  the  suspended  mineral  matter,  the  water  passes 
slowly  through  the  interstices  of  the  remainder  of  the  sand- 
bed,  which  is  generally  between  2 and  4 feet  deep.  Here  also 
is  bacterial  jelly,  but  in  less  amount,  and  here  takes  place 
bacterial  oxidation  of  the  organic  matter,  both  that  in  sus- 
pension and  that  in  solution,  into  the  form  of  nitrites  and 
nitrates.  This  oxidation  requires  time,  and  this  is  a chief 
reason  for  fixing  the  rate  given  as  the  maximum  desirable. 
It  also  explains  why  such  oxidation  does  not  take  place  to 
any  great  extent  in  rapid  sand  filters,  another  reason  for  the 
latter  being  that  it  requires  several  days  for  the  nitrifying 
bacteria  to  develop  and  become  established  in  a filter,  and  the 
rapid  sand  filters  are  generally  washed  daily  or  oftener.  Another 
reason  for  fixing  the  low  rate  is  that  if  by  force  a high  velocity 
is  obtained,  the  schmutzdecke  is  apt  to  be  broken  and  unpurified 
water  pass  through  the  filter.  In  addition  to  the  effects  and 
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causes  referred  to,  it  is  probable  that  the  destruction  of  the 
bacteria  is  assisted  by  the  removal  of  their  nitrogenous  food- 
matter  by  oxidation.  If  the  water  contains  little  oxygen,  it 
may  be  necessary  to  let  the  bed  drain  out  at  intervals  of  a few 
hours  and  fill  with  air,  when  the  water  is  again  turned  onto  it 
from  the  top. 

The  schmutzdecke  and  bacterial  jelly  naturally  suggest 
the  coagulant  of  the  rapid  sand  filter,  and  it  is  true  that  both 
perform  the  common  function  of  straining.  But  one  is  chem- 
ical in  origin,  the  other  is  biological.  The  coagulant  has  already 
agglomerated  a large  part  of  the  suspended  matter  before  it 
reaches  the  filter;  the  schmutzdecke  forms  on  the  filter  and 
strains  out  or  seizes  by  adhesion  the  suspended  matter  as  the 
water  flows  through  it.  Also  a certain  amount  of  sediment 
collects  by  deposit  in  the  upper  interstices  of  the  slow  filter, 
and  oxidation  of  organic  matter  takes  place  throughout  it, 
neither  of  which  is  possible  to  any  considerable  extent  in  the 
rapid  filter. 

As  suspended  matter  collects  on  and  in  the  gelatinous  cover- 
ing, the  pores  of  this  and  of  the  sand  become  so  choked  as  to 
interfere  with  the  passage  of  water  through  the  filter.  In  fact, 
soon  after  the  filter  is  put  into  service  it  is  found  that  the  head 
of  water  on  the  filter  must  be  increased  to  produce  the  required 
velocity  of  percolation.  The  limit  of  head  of  water  to  be  per- 
mitted with  safety  is  set  at  from  24  to  52  inches  by  different 
authorities.  When  the  limit  has  been  reached  the  filter  must 
be  cleaned,  and  then  ^‘ripened”  by  securing  a new  accumulation 
of  schmutzdecke  and  bacterial  jelly  before  it  can  be  put  into 
service,  the  water  passing  through  very  slowly  meantime. 
The  interval  between  cleanings  varies  from  a week  to  two  months 
(sometimes  even  longer),  depending  upon  the  rate  of  filtration 
and  amount  of  turbidity,  algae  or  other  suspended  matter  in 
the  water — in  other  words,  upon  the  amount  of  suspended 
matter  conveyed  to  the  filter.  Almost  any  practicable  head 
on  the  filter  may  be  used,  in  the  opinion  of  some  experts,  pro- 
vided the  velocity  is  not  too  great.  Some  also  claim  that  the 
limit  of  velocity  might  be  raised  to  even  8 or  10  million  gallons 
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per  day,  but  that  to  do  so  would  carry  the  sediment  deeper 
into  the  filter  and  thus  require  the  removal  of  more  sand  in 
cleaning,  and  would  require  three  times  as  frequent  cleaning, 
so  that  little,  if  anything,  would  be  gained,  except  when  the 
water  is  quite  free  from  suspended  matter  and  the  accumula- 
tion of  it  upon  the  sand  is  therefore  slow. 

Cleaning  these  large  filters  by  forcing  water  upward  through 
them  seems  to  be  impracticable,  and  in  addition  would  remove 
the  gelatinous  coating  on  the  sand  grains  and  the  nitrifying 
bacteria.  The  most  common  method  of  cleaning  is  to  let  the 
water  drain  down  to  a level  a few  inches  below  the  top  of  the 
sand  bed,  and  then  remove,  by  use  of  broad  flat  spades,  the 
clogged  sand  on  top  of  the  filter,  which  is  generally  ^ inch  to' 
I inch  deep,  there  being  a fairly  sharp  line  of  demarcation  be- 
tween this  and  the  sand  which  is  not  seriously  clogged. 

When  this  sand  has  been  removed,  the  filter  is  filled  again 
for  operation.  In  some  cases  the  filter  is  filled  from  the  top 
with  unfiltered  water,  and  the  effluent  allowed  to  run  to  waste 
for  a few  days  until  a good  schmutzdecke  is  formed.  But  the 
more  modern  plan  is  to  fill  the  filter  from  below  with  filtered 
water  and  start  it  in  action  very  slowly,  when  (in  the  opinion 
of  some,  at  least)  it  is  not  necessary  to  waste  any  of  the  effluent. 

This  removing  of  the  top  sand  is  repeated  from  time  to 
time  until  the  thickness  of  the  sand  bed  reaches  the  minimum 
that  is  considered  safe,  when  the  bed  is  refilled  to  its  original 
depth  with  clean  sand.  The  minimum  safe  depth  is  probably 
between  24  and  18  inches;  tests  to  determine  this  point  should 
be  made  for  each  plant,  stopping  at  a point  just  above  that 
where  the  purification  effected  (as  shown  by  analyses  of  the 
effluent)  begins  to  be  less  than  that  secured  from  the  deeper 
beds. 

The  sand  removed  in  cleaning  was,  in  the  earlier  plants, 
taken  by  wheelbarrows  up  a runway  to  a pile  outside,  where 
it  was  cleaned  so  as  to  be  used  again.  (In  most  localities  the 
cost  of  sand  such  as  is  necessary  for  filters  is  so  great  that  it 
is  cheaper  to  clean  the  old  at  considerable  expense  than  to 
purchase  new.)  Later  plants  remove  the  sand  through  pipes 
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by  water  carriage.  For  this  purpose  there  are  provided  in 
each  filter  a water-pipe  and  a sand-pipe,  each  about  4 inches 
diameter,  with  outlets  at  intervals  for  hose  connections.  A 
portable  sand  ejector  is  moved  from  place  to  place  on  the  filter 
and  at  each  position  is  connected  with  these  two  pipes  by  lengths 
of  hose.  This  ejector  is  somewhat  similar  to  a steam  ejector, 
water  flowing  through  under  pressure  and  sucking  into  it  the 
dirty  sand  that  is  shoveled  into  water  in  the  box  that  con- 
tains the  ejector.  The  sand  is  carried  through  the  sand-pipe 


in  semi-suspension  in  the  water  to  a sand-pile  or  bin  outside, 
or  more  commonly  to  a sand  washer. 

There  are  several  designs  of  sand  washer,  the  general  features 
common  to  all  being  a box  into  which  water  enters  from  the 
bottom  and  overflows  at  the  top,  while  the  dirty  sand  is  dis- 
charged into  the  box  from  above  from  the  sand-pipe  just  de- 
scribed, or  by  shovel  from  a bin.  As  the  sand  settles  to  the 
bottom,  the  rising  water  washes  it  and  carries  away  the  dirt 
as  it  escapes  at  the  top  of  the  box.  The  sand  that  falls  to  the 
bottom  is  either  removed  through  an  outlet  or  is  seized  by 
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another  ejector  and  carried  to  sand  bins,  or  to  another  washer 
where  it  is  again  washed  in  the  same  way. 

In  replacing  sand  in  the  beds,  it  may  be  wheeled  in  and 
spread  by  shovel,  but  the  better  way  is  to  fill  the  filter  with 
filtered  water  and  discharge  the  sand  into  this  through  pipes 
and  hose  (through  which  it  is  carried  by  water),  the  end  of 
the  hose  being  moved  about  on  a raft  so  as  to  distribute  the 
sand  evenly.  The  water  is  then  drained  down  to  expose  the 
surface,  and  this  is  leveled  off. 

The  water  carriage  method  of  handling  sand,  and  sand 
washing,  are  impracticable  when  the  temperature  is  much 
below  freeezing.  In  such  weather  the  sand  that  is  scraped  up 
may  be  left  in  piles  on  the  filter  (which,  however,  reduces  the 
filtering  area),  or  it  may  be  wheeled  out  in  wheelbarrows. 
Washing  is  generally  omitted  in  such  weather,  the  accumulated 
sand  being  washed  at  the  first  warm  spell. 

Another  method  of  remedying  clogging  is  to  wash  the  sand 
in  the  filter  by  the  ‘‘Brooklyn”  method  (first  used  in  that 
city).  In  this,  the  water  is  drawn  down  until  i inch  deep  above 
the  sand.  Unfiltered  water  is  then  run  over  the  surface  of  the 
bed  and  escapes  through  an  outlet  drain,  the  sand  mean- 
time being  agitated  with  long-toothed  garden  rakes.  The 
water  flows  over  the  bed  at  a rate  sufficient  to  carry  away  the 
dirt  but  not  the  sand.  The  bed  is  washed  in  strips  lo  or  12 
feet  wide,  to  which  strips  the  water  is  confined  by  boards  on 
edge  driven  into  the  sand  in  two  continuous  rows  and  thus 
forming  the  sides  of  a flume. 

An  appliance  known  as  a Nichols  separator  has  been  used 
for  washing  the  sand  in  the  bed  and  restoring  it  at  once  to 
the  same  bed.  This  is  essentially  a sand-washer  that  is  set 
on  the  filter,  washes  the  sand  by  water  piped  in,  and  discharges 
the  dirty  wash-water  outside  the  filter  through  other  pipes. 
Another  machine  known  as  the  Blaisdell  sand-washing  machine 
has  been  used  in  three  or  four  plants.  A revolving  head  carry- 
ing hollow  vertical  rods  or  teeth  is  carried  on  a traveler  that 
moves  on  rails  on  the  side  walls  of  the  filter;  the  traveler  being 
driven  and  the  head  revolved  by  electric  motors.  The  teeth 
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are  lowered  into  the  sand  and  water  forced  through  them 
under  a pressure  of  lo  to  20  pounds,  the  head  carrying  the 
teeth  meantime  revolving  and  the  whole  machine  traveling 
forward  at  a speed  of  about  10  feet  per  minute.  This  stirs 
up  and  washes  the  sand  without  removing  it  from  the  filter. 

Instead  of  removing  a sand  layer  whenever  the  filter  becomes 
clogged,  several  plant  superintendents  rake  the  sand  at  intervals,, 
loosening  up  a thin  layer  by  use  of  garden  rakes  with  teeth 
I inch  long.  A first  raking  is  almost  as  effective  as  scraping; 
a second  is  less  so;  and  when  clogging  occurs  after  the  second 
raking,  it  is  more  economical  to  scrape  the  filter.  In  this 
scraping  as  much  sand  is  removed  as  in  three  scrapings  with- 
out raking;  but  the  cost  of  two  rakings  and  a deep  scraping 
is  less  than  that  of  three  ordinary  scrapings. 

The  time  that  each  filter  is  out  of  service  for  cleaning  and 
that  lost  in  working  it  up  to  its  normal  rate  of  filtration  reduce 
its  average  effective  working  rate  for  the  year  by  10  to  20  per 
cent,  and  it  is  considered  desirable  to  provide  15  to  25  per 
cent  greater  area  than  that  theoretically  necessary  for  filtering 
a given  amount  of  water,  providing  that  at  least  6 beds  be 
provided.  The  less  the  number  of  beds,  the  greater  must  be 
the  surplus  area.  If  there  are  but  two  beds,’  each  must  have 
capacity  for  the  total  amount  filtered. 

The  results  obtained  by  slow  sand  filters  are  illustrated  by 
the  Table  on  page  88. 

Art.  19.  Other  Purification  Methods 

Aeration  is  employed  for  adding  oxygen  to  water  or  for 
releasing  gases.  It  is  effected  by  passing  water  in  thin  sheets 
over  weirs  or  inclined  planes,  by  spraying  in  the  air  from 
fountains,  by  allowing  to  flow  through  perforated  trays,  to 
trickle  through  coke  or  other  coarse-grained  filters,  to  flow 
down  a channel  filled  with  stones  which  violently  agitate  it, 
etc.  Probably  the  fountain  is  the  most  effective,  but  it  also 
uses  up  the  most  head.  Removing  gases  requires  more  thorough 
agitation  than  introduction  of  oxygen.  As  described  above. 
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intermittent  operation  of  a filter  oxidizes  the  water.  There  is 
some  advantage  in  passing  air  through  the  water  in  small 
bubbles,  but  this  is  perhaps  the  least  effective  method.  The 
gases  most  commonly  removed  by  aeration  are  carbon  dioxide 
and  certain  hydrogen  gases  that  cause  odors  in  water. 


Table  No.  9 

RESULTS  SECURED  BY  THE  SLOW  SAND  FILTERS  AT  LAWRENCE,  MASS.,  1915 
New  filter  operated  at  3,000,000  gallons  per  day,  old  filter  at  1,000,000  gallons. 


Sample  Taken 
from 

Tem- 

pera- 

ture 

Fahr. 

deg. 

Appearance. 

Ammonia. 

Chlor- 

ine. 

Nitrogen  as 

Tur- 

bidity. 

Color. 

Free. 

Albumin- 

oid. 

Total. 

Solu- 

tion. 

Nitrates 

Nitrites. 

Merrimac  river.  . 

51 

0.3 

0.35 

.0190 

. 0214 

• 0177 

• 47 

. 021 

.0002 

Effluent  from  new 

filter 

52 

0.0 

0 . 26 

.0057 

.0074 

■ 43 

. 027 

. 0000 

Effluent  from  old 

filter 

S3 

0. 1 

0.31 

.0150 

.0081 

.48 

.033 

. 0002 

Sample  Taken 
from 


Merrimac  river. . . 
Effluent  from  new 

filter 

Effluent  from  old 
filter 


.0540 
.0230 
. 1070 


Bacteria  per 

c.c. 


20^^ 

C. 


12,000 

50 

25 


40®  C. 


Total. 


815 


Red. 

295 

3 


Per  Cent  of 
Bacteria 
Removed. 


99.6 

99-8 


40  C. 


Total.  Red 


98.1 
99  - 1 


99.0 

99.6 


Percentage 
OF  Samples 
Containing 
B.  CoLi. 


i c.c. 


100 

15.6 

7.5 


lOOC.C. 


100 

85.8 

77.9 


Note.  The  old  filter  has  an  earth  bottom  through  which  some  ground  water  enters 
the  effluent.  It  is  uncovered.  The  new  filter  is  covered  and  has  a concrete  bottom  and 
side  walls. 

When  iron  is  present  in  water  as  a carbonate  or  in  other 
easily  oxidizable  form,  it  can  be  removed  by  applying  any 
of  the  methods  of  aeration,  which  renders  the  iron  insoluble, 
when  it  may  be  removed  by  filtration.  In  some  plants  filtration 
through  a pressure  filter  without  coagulation  is  satisfactory 
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for  this  purpose.  In  certain  cases  organic  matter  in  the  water 
tends  to  hold  the  iron  in  suspension,  even  when  oxidized;  in 
which  case  it  may  be  possible  to  remove  it  by  use  of  aluminum 
sulphate,  sedimentation  and  filtration.  Iron  present  as  ferrous 
sulphate  has  been  removed  by  the  use  of  lime,  aeration,  and 
filtration.  Iron  and  manganese  found  difficult  to  remove  by 
other  methods  have  been  removed  by  oxidizing  in  a coke  filter 
used  as  a contact  bed  (filled,  allowed  to  stand  full,  emptied, 
and  allowed  to  stand  empty,  in  rotation),  then  allowing  it  to 
settle  for  an  hour  in  a basin,  and  filtering. 

Softening.  Although  hard  waters  are  objectionable,  com- 
paratively few  cities  soften  their  municipal  supplies,  but  the 
number  will  probably  increase  within  the  next  few  years. 
McKeesport,  Pa.,  Columbus  and  Oberlin,  O.,  Freeport,  111., 
New  Orleans,  La.,  and  St.  Louis,  Mo.,  are  among  the  cities  that 
now  soften  their  supplies.  Softening  is  effected  by  adding 
to  the  water  calcium  hydroxide  and  sodium  carbonate,  which 
cause  reactions  that  change  the  calcium  in  solution  to  insoluble 
calcium  carbonate,  and  magnesium  (also  any  aluminum  and 
iron  present)  to  insoluble  hydroxides.  The  lime  added  must 
be  sufficient  to  provide  hydroxyl  to  combine  with  the  iron, 
aluminum,  magnesium,  bicarbonate,  and  hydrogen  radicles, 
and  carbon  dioxide.  Moreover,  if  the  carbonate  radicle  in 
the  water  plus  that  formed  by  the  change  of  the  bicarbonate 
and  carbon  dioxide  is  not  sufficient  to  precipitate  the  calcium 
present  in  the  water  and  added  as  Hme,  a larger  quantity  must 
be  provided  by  the  addition  of  soda  ash;  this  determining  the 
amount  of  soda  ash  to  be  used. 

The  lime  is  appHed  either  as  milk  of  lime  or,  preferably, 
as  lime-water,  and  the  soda  ash  as  a 20  per  cent  solution  dis- 
solved in  hot  water.  After  these  have  been  added  and  thoroughly 
mixed  with  the  water,  the  latter  is  held  for  at  least  two  or  three 
hours  in  a sedimentation  chamber,  both  for  sedimentation  and 
to  insure  the  completion  of  the  chemical  reactions.  The  water 
is  then  filtered-  to  remove  the  balance  of  the  suspended  matters. 
If  it  is  to  ]je  filtered  for  general  purification,  the  same  filters 
serve  both  purposes.  The  presence  of  precipitate  already  formed 
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hastens  further  formation  of  precipitate;  consequently  it  is 
common  to  apply  practically  all  the  chemicals  to  a part  of 
the  water  (more  than  half)  and  after  precipitants  have  formed 
in  this,  to  mix  the  balance  of  the  water  with  it.  The  higher 
the  temperature  of  the  water  is  maintained  in  winter  the  more 
rapid  and  complete  the  reaction. 

Removal  of  algce  and  their  odors  from  water  is  often  accom- 
plished only  with  much  difficulty.  One  of  the  most  difficult 
cases  on  record  is  that  of  Springfield,  Mass.,  where,  after  several 
years  of  experiments,  part  of  the  time  by  engineers  of  the  state 
board  of  health,  complete  success  was  obtained  by  aerating, 
passing  intermittently  through  four  filters  in  rotation,  again  aerat- 
ing and  filtering. 

Color  can  sometimes  be  removed  by  aeration  and  filtration, 
but  generally  aluminum  sulphate  gives  better  results.  Sun- 
light will  often  bleach  out  a colored  water  exposed  in  a reser- 
voir, but  this  is  a slow  process.  Water  from  the  bottom  of 
deep  reservoirs  or  lakes,  where  the  organic  matter  responsible 
for  the  color  has  undergone  putrefaction,  can  generally  be 
decolored  by  filtration  without  the  use  of  alum;  and  the  sand 
process  will  ordinarily  remove  20  to  30  per  cent  of  the  color  in 
river  water  and  reservoir  water  that  has  not  putrefied.  It 
is  believed  that  the  easy  removal  of  color  from  deep  waters  is 
due  to  the  fact  that  the  organic  matter  in  such  waters  uses  up 
the  free  oxygen  present,  then  absorbs  more  from  iron  in  the 
ferric  state  in  the  bottom  sediment,  thus  changing  it  to  the 
soluble  ferrous  state.  The  iron  thus  taken  into  solution  is 
precipitated  by  absorbing  oxygen  in  the  filter,  and  acts  as  a 
coagulant  to  remove  the  color. 

Art.  20.  Disinfection 

Disinfection  has  taken  a very  important  place  in  water 
treatment  since  about  1910.  It  consists  in  subjecting  the 
water  to  some  treatment  that  will  kill  a large  part  of  the  bacteria. 
It  produces  no  clarifying  effect  or  removal  of  suspended  matter. 

The  only  methods  that  are  in  general  use  at  present  (1917) 
are  based  on  the  action  of  chlorine  in  liberating  nascent  oxygen. 
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a powerful  germicide.  The  chlorine  is  applied  either  as  hypo- 
chlorite of  lime  or  as  chlorine  gas.  (Hypochlorite  of  soda  might 
be  used,  but  is  not  in  any  plants  in  this  country,  to  the  author’s 
knowledge.)  Experimental  plants  have  demonstrated  the  effect- 
iveness of  ozone  and  of  violet  rays  as  germicides  under  labora- 
tory conditions;  but  no  service  plants  have  yet  proved  successful 
with  respect  to  both  effectiveness  and  economy.  Boiling  and 
distillation  will  each  sterilize  water,  but  are  impracticable  for 
the  large  amounts  involved  in  a municipal  supply. 

Hypochlorite  of  lime  (also  known  as  ‘‘bleach”  or  chloride 
of  lime)  is  about  35  per  cent  calcium  chloride,  35  per  cent 
calcium  hypochlorite,  and  30  per  cent  impurities.  The  first 
and  last  are  inert  when  water  is  added,  but  the  calcium  hypo- 
chlorite, acted  on  by  free  and  half-bound  carbon  dioxide  in 
the  water,  forms  hypochlorous  acid.  This  acid  is  unstable 
and  readily  gives  up,  to  any  organic  matter  present,  oxygen  in 
the  atomic  or  nascent  state.  The  germicidal  effect  is  pro- 
duced if  no  carbon  dioxide  is  present,  but  more  slowly.  These 
reactions  require  time,  thirty  minutes  being  a minimum,  the 
time  increasing  as  the  temperature  and  amount  of  free  car- 
bonic acid  decrease. 

Bleach  comes  in  sheet-iron  drums  or  containers  of  100  to 
750  pounds  capacity,  costing  2 or  3 cents  per  pound  in  peace 
times.  Its  oxidizing  strength  is  expressed  in  terms  of  “avail- 
able chlorine,”  which  is  56  per  cent  of  the  total  amount  of 
both  calcium  chloride  and  calcium  hypochlorite — ordinarily 
37  to  40  per  cent  of  the  commercial  bleach.  Half  of  the  avail- 
able chlorine  is  liberated  by  the  carbonic  acid  in  the  water, 
and  the  oxygen  liberated  amounts  to  22J  per  cent  of  the  available 
chlorine. 

The  amount  of  available  chlorine  used  depends  upon  tfie 
amount  of  impurities  in  the  water  and  the  approximation  to 
complete  sterilization  desired,  limited  by  the  danger  of  giving 
an  unpleasant  taste  to  the  water.  The  only  safe  rule  is  to 
test  the  germicidal  effect  of  different  doses  on  the  water  in 
question.  If  the  water  has  previously  been  filtered,  5 to  10 
pounds  of  hypochlorite  per  million  gallons  is  generally  sufficient. 
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If  it  is  unfiltered  or  contains  abnormally  large  quantities  of 
organic  matter,  or  iron  in  a soluble  or  incompletely  oxidized 
state,  more  will  be  necessary,  even  20  to  25  pounds  in  extreme 
cases.  Not  only  does  the  presence  of  oxygen-absorbing  im- 
purities in  the  water  necessitate  the  use  of  more  hypochlorite, 
but  sudden  fluctuations  in  the  quantity  of  these  impurities  must 
be  guarded  against  by  adding  about  25  per  cent  to  the  amount 
of  hypochlorite  apparently  required.  It  is  therefore  com- 
monly desirable  to  add  this  after  such  impurities  have  been 
removed  by  filtration. 

The  hypochlorite  is  applied  to  the  water  as  a i to  2 per 
cent  solution  (a  large  amount  remains  in  the  tank  as  insoluble 
sludge,  and  must  be  removed  and  disposed  of  in  some  way — 
an  objection  to  this  process).  Even  this  weak  solution  is  very 
corrosive  of  wood,  steel,  copper,  and  other  substances,  and 
all  tanks  and  pipes  for  handling  it  should  be  of  concrete,  cast- 
iron  or  pure  wrought  iron,  lead,  acid-proof  bronze,  vulcanized 
rubber,  or  glass. 

Hypochlorite  is  believed  to  have  a selective  action  and  to 
be  more  effective  against  B.  typhosus  and  other  pathogenic 
bacteria  than  against  many  of  the  non-pathogenic. 

An  odor  similar  to  that  of  iodoform  is  sometimes  imparted 
to  the  water  by  hypochlorite,  probably  due  to  some  action  on 
the  organic  matter  in  the  water,  or  possibly  in  some  cases  to 
its  reaching  the  consumer  before  the  reactions  are  completed. 
To  prevent  this,  care  should  be  taken  not  to  overdose  the 
water  because  of  variation  in  rate  of  flow  or  in  amount  of  oxygen- 
consuming matter  present;  the  hypochlorite  solution  should 
be  kept  well  mixed  and  tested  at  intervals  to  determine  its 
strength  and  sufficient  time  for  complete  reaction  should  be 
given  in  a storage-  or  dear-water  basin.  If  in  spite  of  these 
the  taste  persists,  it  can  be  removed  by  applying  sodium  thio- 
sulphate fifteen  to  thirty  minutes  after  the  hypochlorite  has 
been  applied,  half  as  much  of  the  former  being  used  as  of  the 
latter.  The  thiosulphate  stops  the  germicidal  action  of  the 
hypochlorite,  and  therefore  should  not  be  added  until  several 
minutes  after  the  latter  has  been. 
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Chlorine  gas  has  been  used  in  an  increasing  number  of 
plants  since  about  1913.  The  reactions  are  similar  to  but  simpler 
than  those  of  hypochlorite  and  do  not  require  carbonic  acid. 
The  gas  is  practically  pure  chlorine  and  therefore  theoretically 
only  about  one-third  as  much  is  needed  as  of  hypochlorite,  and 
practically  17  to  20  per  cent  may  give  equivalent  results.  There 
is  no  sludge  to  dispose  of;  and  practically  no  labor  or  over- 
sight is  required  if  the  gas  be  applied  by  an  automatic  apparatus 
that  regulates  the  dose  to  the  amount  of  water  treated;  while 
the  use  of  hypochlorite  requires  labor  and  machinery  for  handling 
the  powder,  mixing  the  solution,  and  removing  the  sludge. 
Also  the  space  required  for  storage  and  dosing-apparatus  are 
insignificant.  On  the  other  hand,  the  gas  is  more  expensive 
than  the  powder.  The  gas  is  furnished  compressed  into  liquid 
form  under  a pressure  of  about  100  pounds  and  contained 
in  steel  cylinders  8 inches  in  diameter  and  5 feet  high,  which 
hold  100  pounds  of  liquid  chlorine.  As  the  gas  is  used  the 
pressure  decreases,  and  consequently  the  velocity  of  flow  if 
not  controlled  in  some  way;  for  which  reason  some  apparatus 
is  necessary  for  automatically  securing  a uniform  rate  under 
varying  pressure.  Two  or  three  very  satisfactory  types  are  on 
the  market.  It  is  believed  that  there  is  less  liability  of  ob- 
jectionable taste  being  given  to  the  water  by  liquid  chlorine 
than  by  hypochlorite;  but  otherwise  the  remarks  made  above 
concerning  the  latter  apply  to  the  former  also. 

Ultra-violet  rays  have  considerable  germicidal  effect,  but  do 
not  penetrate  to  any  considerable  depth  in  water.  Consequently 
the  water  must  be  passed  by  the  lamp  in  thin  layers.  Also 
any  bacteria  embedded  in  solid  matter,  or  sheltered  from  the 
rays  by  minute  particles  of  such  matter,  are  not  affected  by 
the  rays;  consequently  the  water  must  be  free  from  suspended 
matter.  Two  or  three  cities  of  Europe  have  used  this  method, 
but  none  as  yet  (1917)  in  this  country.  Cheap  electricity  for 
operating  the  mercury-vapor  lamp  that  produces  the  rays  is 
one  condition  apparently  necessary  for  commercial  practicability. 

Ozone  has  been  used  as  a germicide  in  numerous  experi- 
mental plants  and  a few  municipal  service  ones,  but  the  latter 
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have  all,  the  author  is  informed,  proved  unsuccessful.  Theo- 
retically, ozone  should  be  ideal  for  this  purpose,  for  it  is  an  active 
agent  in  furnishing  nascent  oxygen  and  contributes  no  impurity 
or  taste  to  the  water.  It  produces  some  bleaching  effect  and 
oxidizes  other  organic  matter  as  well  as  bacteria;  for  which 
latter  reason  the  presence  of  any  organic  matter  in  the  water 
reduces  the  germicidal  effect,  and  the  water  should  be  fairly 
free  from  such  matter  or  any  other  that  absorbs  oxygen.  The 
ozone  used  for  water  treatment  has  been  obtained  by  passing 
a silent  electric  discharge  through  air.  Ozone  is  only  slightly 
soluble  in  water,  and  the  chief  difficulty  in  its  use  has  been  in 
securing  the  contact  of  each  molecule  of  water  with  a bubble 
of  ozone,  which  is  necessary  if  no  bacteria  are  to  escape  oxida- 
tion. This  has  generally  been  attempted  by  distributing  the 
gas  in  fine  bubbles  at  the  base  of  a tower  through  -which  water 
is  passed. 

Copper  sulphate  was  first  used  for  destroying  algae  in  water- 
works reservoirs  in  1903  by  George  T.  Moore  and  Karl  F. 
Kellerman,  of  the  U.  S.  Dept,  of  Agriculture,  and  since  then  has 
been  so  used  in  scores  of  instances,  generally  with  success. 
Just  how  it  acts  on  the  algae  is  not  definitly  known,  but  minute 
quantities  suffice  to  kill  practically  all  present,  although  dif- 
ferent organisrns  require  different  amounts.  Too  much  copper 
in  water  would  probably  be  injurious  to  the  human  system; 
but  to  be  so  would  require  vastly  more  than  the  amount  re- 
quired for  exterminating  any  of  the  algae.  Moreover,  when 
dissolved  in  hard  water,  the  copper  solution  reacts  with  calcium 
bicarbonate  and  in  a few  hours  forms  copper  hydrate,  which 
first  becomes  a colloid  and  then  precipitates  as  a suspended 
solid.  In  soft  water  the  same  reactions  take  place,  but  more 
slowly.  Organic  matter  in  solution  tends  to  retard  the  action, 
but  suspended  matter  hastens  the  precipitation.  Cold  retards 
the  action. 

It  is  very  important  that  just  enough  copper  sulphate  be 
used;  for  too  little  will  be  practically  ineffective  and  too  much 
may  kill  fish  and  other  animal  organisms  in  the  reservoir.  Kel- 
lerman says  that  1.2  pounds  per  million  gallons  will  kill  trout. 
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2.5  pounds  will  kill  carp  or  suckers,  3.5  pounds  catfish  or  pickerel, 
6 — perch,  10 — sunfish  and  17 — black  bass.  As  just  stated,  the 
hardness  of  the  water,  amount  of  organic  matter,  presence  or 
absence  of  carbonic  acid,  temperature  and  kind  of  algae  to  be 
destroyed,  must  all  be  considered.  Some  algae  require  20  times 
as  much  copper  as  others.  The  following  quantities  are  given 
by  Kellerman  as  applying  to  water  at  about  60°  F.,  to  be 
increased  by  about  ij  per  cent  for  each  degree  below  this, 
and  decreased  at  the  same  rate  for  higher  temperatures: 

Asterionella,  0.8  pound  per  million  gallons  of  water.  Spi- 
rogyra,  1.7  pounds.  Anabaena,  0.8  pound.  Oscillaria,  1.7 
pounds.  Uroglena,  0.4  pound.  Beggiatoa,  41.5  pounds.  Cren- 
othrix,  2.5  pounds.  Besides  Beggiatoa,  only  one  other  organism 
named  by  Kellerman  requires  more  than  8 pounds.  Those 
just  named  are  the  ones  that  most  commonly  give  trouble  in 
reservoirs,  but  Kellerman  gives  figures  for  36  different  kinds 
of  organisms.  In  calculating  the  amount  to  be  used  in  a 
reservoir,  the  bottom,  stagnant  water  in  a deep  reservoir  need 
not  be  included  in  the  amount  of  water  to  be  treated.  Organ- 
isms sometimes  become  concentrated  just  above  the  stagnant 
layer,  are  not  reached  by  the  copper,  and  later  are  brought 
to  the  surface  by  vertical  currents  caused  by  temperature 
changes  or  wind,  requiring  a subsequent  treatment. 

The  destroyed  algae  of  course  decompose  more  or  less  rapidly, 
but  their  small  amount  as  organic  matter  makes  the  effect 
negligible.  The  odor  resulting  from-  the  .oils  released  may, 
however,  be  noticeable  for  a few  days.  If  possible,  it  is  desirable 
to  by-pass  the  reservoir  and  not  use  water  from  it  for  a few 
days  during  and  immediately  following  the  application  of 
copper. 

Algae  in  a reservoir  are  found  to  aid  in  the  destruction  of 
bacteria  in  the  water,  and  a destruction  of  algae  is  followed  by 
in  increase  in  the  number  of  bacteria,  but  these  are  probably 
harmless  varieties. 
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Art.  21.  Applying  Chemicals 

Application  of  the  chemicals  referred  to  in  this  chapter  is 
attended  with  more  or  less  difficulty,  in  some  cases  because 
of  their  corrosive  nature,  in  others  because  of  the  difficulty  of 
dissolving  them  or  keeping  them  in  solution;  and  in  all  cases 
because  of  the  desirabihty  of  applying  them  in  quantities  having 
a definite  relation  to  the  quantity  and  quality  of  the  water 
treated.  The  storing  and  handling  of  them  also  requires  atten- 
tion, for  several  of  them  deteriorate  on  exposure  to  air,  and 
the  quantities  involved  are  often  large.  One  million  gallons 
per  day  may  require,  under  average  conditions,  about  350  pounds 
of  alum  and  150  pounds  of  lime  and  10  pounds  of  chloride  of 
lime;  the  whole  amounting  to  510  pounds  a day,  or  93  tons  a 
year.  Softening  may  require  1500  pounds  or  more  of  lime. 
St.  Louis,  Mo.,  used  19,515  tons  of  chemicals  in  treating  34,690 
million  gallons  of  water  during  the  year  1915-1916. 

Time  is  required  for  the  dissolving  of  the  chemicals,  and 
more  or  less  stirring  or  mixing,  and  this  would  require  a retention 
and  agitation  of  the  entire  mass  of  water  for  this  purpose  if 
the  chemical  be  added  directly  to  it,  which  would  entail  great 
expense.  Therefore,  a more  or  less  strong  solution  of  the 
chemical  is  generally  made,  which  can  be  mixed  with  the  water 
easily  and  quickly.  In  some  plants,  however,  alum,  hydrated 
lime,  soda  ash  and  ferrous  sulphate  have  been  added  directly 
in  the  powdered  form.  Copper  sulphate  is  dissolved  directly 
in  the  reservoir  from  the  lump. 

Where  practicable,  the  chemicals  are  mixed  in  tanks  ele- 
vated above  the  water  to  be  treated,  so  that  they  may  flow 
to  it  by  gravity.  In  the  case  of  each  chemical  (except  liquid 
chlorine,  and  except  in  those  plants  where  the  chemical  is 
fed  in  powdered  form),  the  plant  for  applying  it  consists  of  a 
dissolving  tank,  solution  tank,  contrivance  for  regulating  the 
dose,  and  piping  for  carrying  it  to  the  water  to  be  treated. 
The  dissolving  tank  generally  has  a perforated  bottom,  on  which 
the  chemical  rests  while  it  is  being  dissolved  by  hot  water 
sprayed  on  it  or  flowing  up  through  it  to  an  overflow.  A cal- 
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culated  amount  of  chemical  is  weighed  out  and  placed  in  the 
dissolving  tank,  and  the  solution  of  it  flows  into  the  solution 
tank,  where  more  water  is  added  to  bring  it  to  the  desired 
dilution.  A paddle  or  paddles  are  kept  constantly  revolving 
in  this  tank  to  keep  the  solution  of  uniform  strength  through- 
out. This  tank  has  at  the  bottom  a drain  to  remove  sludge 
or  insoluble  material  that  may  have  been  contained  in  the 
chemical.  A pipe  generally  leads  to  an  orifice  box,  where 
the  rate  of  flow  is  controlled,  a valve  in  this  pipe  being  opened 
or  closed  automatically  by  a float  in  that  box  so  as  to  keep 
' a constant  head  over  the  orifice;  or  in  some  plants  this  head 
is  varied  with  the  amount  of  water  being  treated.  When  the 
solution-tank  is  nearly  empty  (which  should  be  announced 
by  a low-water  alarm)  a fresh  batch  of  chemical  is  dissolved 
in  the  dissolving  tank. 

If  quicklime  is  used,  it  must  be  slaked  first  in  an  iron  tank 
or  trough  (in  Minneapolis  a concrete  mixer  is  used)  using 
about  four  times  as  much  water  as  Hme,  the  water  being  as 
hot  as  possible  (not  falling  below  200°  during  slaking)  and 
being  thoroughly  mixed  with  the  lime  during  the  fifteen  to 
forty-five  minutes  required  for  thorough  slaking.  When  slaked, 
the  hme  is  placed  in  the  dissolving  tank  and  diluted  with  four 
times  its  weight  of  water  as  cold  as  possible,  since  slaked  lime 
(calcium  hydroxide)  is  more  soluble  in  cold  than  in  hot  water. 

Hypochlorite  of  lime  is  difficult  to  dissolve  because  it  is 
comparatively  insoluble  and  floats  upon  water.  In  some  plants 
the  drum  of  hypo  is  supsended  over  the  dissolving  tank,  a 
hole  is  cut  in  the  top  and  in  the  bottom  of  the  drum,  and  a 
stream  of  water  under  pressure  is  turned  into  the  top  hole, 
washing  the  hypo  through  the  bottom  hole  into  the  dissolving 
tank,  from  which  it  flows  into  the  solution  tank.  Or  the  hypo 
is  first  made  into  a paste  in  the  dissolving  tank  by  use  of 
mixing  paddles  and  then  is  flushed  slowly  into  the  solution- 
tank.  For  small  plants  Stein  recommends  using  an  ice-cream 
freezer,  the  can  being  perforated  with  numerous  holes  about 
I inch  diameter.  A pipe  connects  the  freezer  pail  with  the 
solution  tank.  A dose  of  hypo  is  placed  in  the  can,  the  regular 
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paddles  are  put  in  place,  and  hot  water  is  run  into  the  pail  at 
the  rate  necessary  to  keep  it  nearly  full,  the  can  being  mean- 
time turned  as  in  freezing  cream.  All  parts  of  can  and  pail 
should  be  coated  with  asphalt  paint  to  prevent  corrosion. 


Fig.  9. — Lime-slaking  Machinery,  St.  Louis  Filters. 

At  the  top  is  seen  the  bottom  of  a lo-ton  “ daily  supply  ” hopper.  Under  the  hopper  are 
three  scales  in  which  are  weighed  the  supplies  for  the  three  slaking  tanks,  whose  tops 
are  seen  rising  above  the  floor  level.  The  action  of  the  scales  is  regulated  by  a clock, 
provided  in  duplicate,  by  which  lime  is  discharged  every  one,  two  or  four  minutes, 
as  desired;  both  weighing  and  dumping  being  automatic. 


Alum,  soda  ash,  and  ferrous  sulphate  once  dissolved  remain 
in  solution,  and  the  mixing  paddles  in  the  solution  tank  do 
not  need  to  be  kept  going  after  the  solution  has  been  mixed. 
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In  the  case  of  lime  solutions,  however,  the  paddles  must  be 
kept  going  continuously.  Hypochlorite  must  be  stirred  thor- 
oughly in  the  solution  tank,  then  allowed  to  settle  and  not 
stirred  again,  as  a large  amount  of  insoluble  sludge  collects 
from  it,  which  should  not  pass  out  with  the  effluent,  but  which 
must  be  removed  at  intervals,  for  which  purpose  a waste-pipe 
in  the  bottom  is  desirable. 

The  amount  of  chemical  solution  applied  should,  of  course, 
vary  with  the  amount  of  water  to  which  it  is  applied.  Ordi- 
narily the  rate  at  which  the  purification  plant  is  operated  is 
kept  uniform  for  hours  at  a time,  and  the  rate  of  application 
of  chemical  can  readily  be  adjusted  by  hand  when  the  flow  of 
water  changes.  But  in  large  plants  where  there  are  numerous 
parts  to  watch,  or  in  small  ones  where  there  is  apt  to  be  fre- 
quent variations  of  flow  through  the  plant,  automatic  regulation 
is  desirable.  Devices  used  for  this  purpose  include  a weir, 
venturi  meter  or  other  device  for  measuring  the  water,  and  a 
means  by  which  variations  in  the  flow  of  this  are  made  to 
expand  or  contract  an  orifice  or  to  vary  the  head  over  it. 

For  feeding  dry  chemicals,  these  must  be  powdered  and 
fed  into  the  flowing  water  at  a positively  determinable  rate.  A 
common  device  consists  of  a funnel  in  which  a screw  revolves, 
which  pushes  a given  amount  of  powder  out  of  the  funnel  with 
each  revolution.  The  number  of  revolutions  per  minute  thus 
determines  the  rate.  This  powder  falls  into  a stream  of  water 
that  carries  it  into  the  channel  through  which  the  water  to 
be  treated  flows. 

In  using  liquid  chlorine,  the  commercial  plant  as  purchased 
contains  all  the  contrivances  needed,  except  that  its  regulator 
may  be  checked  by  placing  the  chlorine  container  on  a plat- 
form scales  and  noting  the  amount  used  from  it  in  an  hour  or 
day.  Replacing  an  empty  container  with  a full  one  and  adjust- 
ing the  regulator  to  suit  the  condition  of  the  water  are  about 
the  only  attention  needed. 

Copper  sulphate  is  applied  to  a reservoir  water  by  placing 
the  required  amount  of  commercial  blue  vitriol  (calculated  for 
the  capacity  of  the  reservoir)  in  a bag  of  coarse  cloth,  a per- 
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forated  bucket,  or  wire  basket  and  towing  it  behind  a boat 
(or  two  or  more  containers  from  outriggers)  back  and  forth 
across  the  reservoir  in  parallel  paths  about  20  feet  apart.  Rapid 
rowing  is  about  the  rate  of  motion  desired,  although  a motor 
boat  may  be  used.  A too-rapid  rate  is  preferable  to  a too- 
slow  one;  for  the  former  simply  means  covering  the  reservoir 
more  than  once,  while  the  latter  may  cause  a part  of  the  reser- 
voir to  receive  the  entire  dose,  thus  poisoning  fish  and  other 
animal  life.  A windy  day  or  anything  that  promotes  circula- 
tion of  the  water  aids  the  distribution  of  the  chemical  through- 
out the  water. 


CHAPTER  V 


SOURCES  OF  SUPPLY 
Art.  22.  Rain 

In  the  temperate  and  frigid  zones  rain  (and  snow,  which 
is  generally  included  under  this  term  unless  otherwise  speci- 
fied) alone  is  considered  as  the  source  of  water.  For  the  use 
of  man,  whether  for  domestic  or  manufacturing  purposes  or 
for  irrigation,  the  rain,  since  it  does  not  fall  continuously, 
must  be  caught  and  stored  to  tide  over  periods  of  longer  or 
shorter  duration  between  rainfalls.  Nature  performs  this  to 
a considerable  extent  through  the  agency  of  porous  soil  and 
rocks,  underground  caverns,  lakes  and  ponds,  glaciers,  and 
in  other  ways;  man,  by  the  use  of  cisterns  and  larger  reser- 
voirs, and  to  a small  extent  by  the  storing  of  ice.  The  amount 
of  rain  that  falls  directly  into  a reservoir  is  generally  but  a 
small  part  of  its  capacity;  but  it  is  that  which  flows  from 
some  drainage  area,  whether  a roof  or  a watershed  of  thousands 
of  acres,  that  gives  most  of  the  supply.  If  this  drainage 
area  is  the  surface  of  the  ground,  the  run-off  or  yield  is  called 
surface  water;  but  if  collected  from  an  artificial  surface  it  is 
considered  solely  as  rain  water.  Water  is  collected  in  the 
latter  way  and  stored  in  cisterns  in  many  low,  flat  countries 
or  those  with  very  porous  soils,  where  the  hungry  soil  yields 
none  of  the  rain  as  surface  water,  or  where  there  are  no  natural 
basins  for  impounding  it.  Some  Southern  cities . in  our  own 
country  and  the  adjacent  countries  and  islands  rely  almost 
wholly  upon  the  collection  of  water  from  the  roofs  of  dwellings 
and  other  buildings. 

Art.  23.  Surface-water 

By  the  ‘‘yield”  or  “run-off”  of  a catchment  area,  which 
constitutes  surface  water,  is  meant  the  total  amount  of  water 
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that  flows  from  a given  drainage  area,  generally  in  the  shape 
of  streams  fed  by  the  rainfall  upon  this  area.  This  is  never 
the  whole  of  such  rainfall. 

In  falling,  some  rain  is  intercepted  by  the  foliage  and  stems 
of  trees  and  smaller  plants,  to  be  later  evaporated  back  again 
into  the  air.  Of  that  which  reaches  the  earth,  a part  flows 
over  the  surface  and  the  remainder  enters  the  soil.  If  the  soil 
be  very  porous,  almost  all  the  rain  reaching  it  may  be  absorbed ; 
if  non-porous,  little  may  enter  it.  All  soil,  even  the  densest 
rocks,  will  absorb  some  water,  however.  As  the  unabsorbed 
water  flows  over  the  surface  to  the  lower  levels  it  increases 
in  volume  and  forms  into  rivulets,  these  unite  to  form  larger 
streams,  and  the  river  formed  from  the  union  of  thousands  of 
such  finally  enters  the  ocean.  (There  are  some  exceptions, 
as  where  streams  are  wholly  evaporated,  or  where  they  enter 


Fig.  io. — Ground  Water  Diversion  by  Inclined  Strata. 


the  ground  and  emerge  into  the  ocean  far  from  the  shore  and 
at  a considerable  depth.) 

After  a rain  has  ceased,  the  streams  carry  less  and  less 
water,  but  those  of  any  size  seldom  become  entirely  dry,  even 
though  weeks  may  elapse  between  rainfalls  and  the  surface 
of  the  ground  become  dry  and  dusty.  The  immediate  supply 
during  this  time  cannot  be  the  rain;  but  is  found  to  be  that 
portion  of  previous  rainfalls  which  was  absorbed  by  the  earth 
and  which  is  now  being  yielded  slowly.  In  general,  the  more 
porous  the  soil  the  more  water  it  will  receive  for  this  purpose 
during  a given  time  of  rainfall;  and  the  finer  its  grain  the 
more  slowly  will  its  supply  be  yielded  and  become  exhausted. 
In  some  instances  the  ground  flow  does  not  reach  the  same 
stream  as  does  the  surface  flow,  but  is  carried  by  the  dip  of 
the  strata  into  another  valley,  as  in  Fig.  lo. 
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The  ground  flow  frequently  emerges  as  springs;  but  the 
larger  part  of  it  ordinarily  reaches  the  stream  as  a general 
exuding  from  the  banks  and  in  some  cases  the  bottom  of  the 
channel. 

A study  of  the  material  and  dip  of  the  strata,  and  of  the 
surface  conditions — slope,  vegetation,  existence  of  ponds,  etc., 
— as  well  as  of  the  rainfall  and  other  meteorological  conditions, 
is  necessary  for  forming  any  estimate  as  to  the  probable  amount 
and  rate  of  yield  of  a given  watershed,  where  the  actual  measure- 
ment of  this  is  impossible.  Such  measurement,  to  be  of  value, 
should  be  continued  for  a series  of  years. 

The  total  amount  of  rainfall  reaching  the  ground  is  not 
yielded  by  the  combined  surface  and  ground  flow;  a large 
part  is  evaporated  from  the  surface  and  from  ponds  or  other 
bodies  of  water,  large  or  small;  considerable  is  taken  up  by 
the  vegetation,  which  frequently  sends  its  roots  several  feet  into 
the  soil  in  search  of  it,  the  greater  part  of  this  being  later  evap- 
orated from  the  foliage;  and  part  is  held  in  the  soil  by  capillary 
attraction.  From  many  watersheds  in  the  Atlantic  and  Gulf 
states  the  ground  water  travels  hundreds  of  miles  to  emerge 
in  the  ocean  bed  far  from  the  shore;  as  off  the  coast  of  South 
Carolina,  east  of  Matanzas  Inlet,  Fla.,  and  off  the  shore  of 
Pensacola,  Fla.;  which  water  is  withdrawn  from  the  yield  of 
these  watersheds. 

Art.  24.  Rivers  and  Lakes 

The  dividing  line  between  surface  and  river  supplies  is  an 
indefinite  one;  but  where  the  supply  is  taken  directly  from  a 
river  or  lake  without  impounding  or  storage,  this  should  un- 
doubtedly be  called  a river  or  lake  supply.  The  conditions 
are  in  many  respects  similar  to  those  affecting  surface  waters; 
but  the  supply  is  generally  somewhat  more  constant  and  of 
greater  volume,  owing  to  the  larger  drainage  area;  it  is  more 
likely  to  be  polluted,  and  to  lie  lower  relative  to  the  point  of 
utilization. 

Lakes  are  nature’s  regulators  of  flow,  and  take  the  place 
of  artificial  storage  reservoirs,  besides  contributing  to  the  self- 
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purification  of  river  waters.  They  are  generally  but  enlarge- 
ments of  a river  channel;  although  some  lakes  are  formed 
directly  from  surface  flow  or  from  large  springs,  and  form  the 
sources  of  rivers;  while  still  others  have  ground  water  as  both 
source  and  outlet.  Lakes  can  in  most  cases  be  relied  upon  as 
more  constant  than  rivers  in  both  the  quantity  and  the  quality 
of  water  available. 

Art.  25.  Underground  Supplies 

The  water  flowing  underground  towards  a surface  stream 
or  the  ocean  may  emerge  as  springs  or  be  reached  by  a well 
dug  or  bored  to  and  through  the  porous  stratum  through  which 
it  flows.  Such  water  seldom  flows  in  the  form  of  a stream 
except  as  it  follows  underground  channels  in  limestone  rock; 
but  it  generally  fills  the  porous  stratum  throughout,  and  moves 
slowly  through  the  interstices  towards  the  outlet.  This  move- 
ment is  not  always  downward,  but  the  outlet  must  always  be 
lower  than  the  point  where  the  water  enters  the  soil.  If,  in 
traveling  through  such  stratum,  the  ground  water  reaches  a 
fault,  this  may  be  followed  to  the  surface  and  the  water  emerge 
as  one  or  more  springs. 

Art.  26.  Other  Sources 

In  the  form  of  snow  and  ice,  water  is  stored  by  nature 
and  man.  Many  Swiss  streams  have  as  their  origin  thawing 
glaciers  formed  from  the  snowfall  of  many  years  ago.  Many 
thousands  of  tons  of  ice  are  stored  annually  by  man,  much 
of  which  is  used  in  and  for  drinking  water.  But  this  use  is 
only  incidental,  and  will  be  considered  only  in  reference  to  its 
purity. 

Dew  and  fog  have,  in  a few  cases,  furnished  limited  sup- 
plies. Construction  camps  in  Mexico  have  found  supphes  of 
fresh  water  among  the  sand  dunes  derived  from  such  sources; 
and  Laguna  Honda,  San  Francisco,  among  the  sand  dunes, 
gives  more  water  towards  the  city  supply  than  the  rainfall 
on  its  drainage  area  would  furnish. 
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Art.  27.  Relative  Use  of  Different  Sources 

The  table  given  herewith  shows  the  relative  number  of  works  * 
in  the  United  States  which  utilize  each  of  the  several  sources 
of  supply. 

The  indefiniteness  of  the  classification  used  by  the  dif- 
ferent contributors  of  the  data  makes  it  difficult  to  be  certain 
as  to  the  proper  placing  of  some  of  the  plants;  and  in  some 
cases  two  or  more  sources  are  used  by  the  same  city.  But 
the  table  gives  an  approximate  statement  of  some  interest 
and  value.  We  see  that  about  half  of  the  plants  in  the  count! y 
have  ground  water  (well)  supplies,  the  largest  proportion  being 
in  the  North-central  and  Northwest  sections;  and  that  New 
England  and  the  Middle  states,  with  their  hilly  country,  con- 
tain the  largest  number  of  surface  supplies.  Also  that  in  all 
the  Southern  states  rivers  are  used  more  generally  than  any 
other  one  source,  and  ground  water  next. 

In  the  next  few  chapters  the  sources  above  referred  to 
will  be  considered  at  length. 

Table  No.  10 

SOURCES  OF  WATER  SUPPLY 


Percentage  supplies  from  a given  source  are  of  all  the  supplies  in  the  division  in  question 
Calculated  from  data  for  1916  collected  from  800  cities  by  “ Municipal  Journal.” 


Geographical 

Division. 

Wells  and 
Filter 
Galleries. 

Rivers 

and 

Creeks. 

Impounding 
Reservoirs 
and  Moun- 
tain Streams 

Lakes. 

Springs. 

Per  Cent 
Plants  in 
Division 
are  of 
Total 
Number. 

New  England 

22.  I 

16.8 

31.0 

24.8 

5-3 

14.4 

Middle  Atlantic 

27.6 

19.9 

32.6 

71 

12.8 

18.0 

East  North  Central . . 

63-7 

15-3 

4-7 

13-7 

2.6 

24.3 

West  North  Central. . 

60.6 

22 . 8 

6. 1 

6. 1 

4-4 

14-5 

South  Atlantic ...... 

37-5 

36.0 

15.6 

10.9 

8.2 

East  South  Central.  . 

45-3 

23.8 

9-5 

2.4 

19.0 

5-4 

West  South  Central. . 

46.0 

24-3 

18.9 

5-4 

5-4 

4.7 

Mountain 

16. 1 

41.9 

32.3 

9-7 

4.0 

Pacific 

41.2 

21 . 6 

27.4 

3-9 

5-9 

6.5 

Entire  United  States. 

43-4 

21-5 

18. 1 

9-7 

7.3 

100.0 

CHAPTER  VI 


RAINFALL 

Art.  28.  Quality  of  Rain  water. 

There  is  a popular  impression  that  all  rain  water  is  as 
pure  as  any  natural  water  obtainable,  but  this  is  not  borne 
out  by  analyses,  as  was  shown  in  Art.  8.  Snow  usually  removes 
more  impurity  from  the  atmosphere  than  does  rain,  owing  to 
its  form. 

Rain  water,  on  account  of  its  softness,  is  especially  adapted 
to  washing;  and  where  the  public  supply  is  hard,  roof  water 
collected  in  cisterns  may  form  a very  advantageous  auxiliary 
supply  for  this  purpose.  It  is  also  a most  wholesome  beverage 
if  so  collected  and  stored  as  to  retain  its  original  purity,  since 
the  impurities  which  it  contains  are  not  generally  injurious 
unless  allowed  to  accumulate  and  putrefy.  Unfortunately 
the  method  of  collecting  and  storing  private  supplies  is  often 
very  faulty.  Every  roof  before  a rain  is  foul  with  excrement 
of  birds,  dead  insects,  leaves,  and  dust,  and  in  too  many  cases 
all  of  this  is  washed  into  the  cistern.  The  first  part  of  each 
rain  should  be  run  to  waste,  and  only  after  the  roof  is  washed 
clean  should  the  water  enter  the  cistern.  There  are  many 
automatic  devices  for  accomplishing  this,  but  few  are  in  common 
use.  A simple  two-way  valve  in  a tin  or  copper  breeches-pipe 
at  the  bottom  of  the  rain-water  leader,  to  be  turned  by  hand,  is 
a common  and  efficient  contrivance  if  properly  used  and  always 
so  left  after  a storm  as  to  waste  the  water  until  turned. 

The  best  tank  for  storing  water  is  made  of  slate.  Iron 
properly  coated  to  prevent  rust  is  excellent  also.  Particularly 
in  the  South,  cypress  wood  is  much  used  for  cisterns.  Masonry 
walls  are  ordinarily  used  for  underground  cisterns,  but  should 
be  absolutely  tight,  and  this  condition  should  be  tested  at  inter- 
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vals  of  not  more  than  one  year.  For  a time,  at  least,  water  stored 
in  these  is  apt  to  be  hard  owing  to  the  lime  in  the  mortar. 

Tanks  or  cisterns  should  always  be  covered  to  keep  out 
dust  and  other  impurities.  They  should  also  be  so  located 
and  so  tightly  constructed  that  contamination  from  outside  is 
absolutely  impossible.  If  underground,  their  bottoms  should 
be  above  the  top  of  the  sewage  in  any  cesspools  located  within 
a radius  of  several  hundred  feet;  and  if  privies  or  other  surface 


Table  No.  11. 

ANALYSES  OF  CISTERN  WATERS 
(Nichols’  “Water  Supply,  Chemical  and  Sanitary.”) 


Total 

Solids. 

Ammonia. 

Locality. 

Free. 

Albu- 

minoid. 

Chlorine. 

Authority. 

Boston,  Mass 

5.28 

0.013 

0.008 

0.32 

W.  R.  Nichols’ 

Same,  filtered  * 

6.56 

0.012 

0.007 

0.36 

W.  R.  Nichols 

Boston,  Mass 

3-24 

0.005 

O.OII 

0. 10 

W.  R.  Nichols 

Same  filtered  * 

4.80' 

0.024 

0.016 

0.  12 

W.  R.  Nichols 

Boston,  Mass 

3 48 

0.021 

0.007 

0.69 

W.  R.  Nichols 

Same,  filtered  * 

5.20 

0.007 

0.007 

0.  70 

W.  R.  Nichols 

Wilmington,  N.  C 

5-05 

0.002 

0.015 

0.  70 

C.  W.  Dabney 

Wilmington,  N.  C 

6.90 

0.016 

0.008 

0.52 

C.  W.  Dabney 

Wilmington,  N.  C 

3.60 

0.005 

0.008 

0.52 

C.  W.  Dabney 

Cincinnati,  0 

2.68 

0.004 

0.123 

0.55 

C.  R.  Stuntz 

Cincinnati,  0 

4.72 

0.275 

0.055 

2. 76 

C.  R.  Stuntz 

Cincinnati,  0 

4.48 

0.027 

0.  II8 

1.97 

C.  R.  Stuntz 

Cincinnati,  0 

7.96 

0.004 

0.016 

trace 

C.  R.  Stuntz 

Cincinnati,  0 

4. 10 

0.020 

0.360 

trace 

C.  R.  Stuntz 

Watervliet,  N.  Y 

0. 1050 

0.0175 

0.  200 

W.  P.  Mason 

* These  cisterns  were  provided  with  a brick  filtering-wall — the  inefficiency  of  which 
is  evident. 


deposits  of  excreta  be  located  within  that  distance,  the  tank 
should  be  entirely  above  ground.  The  air  reaching  the  tank 
should  be  pure;  and  no  overflow  or  other  pipe  should  connect 
it  directly  with  the  sewer.  In  New  Orleans,  where,  until  a few 
years  ago,  a large  part  of  the  water  supply  was  from  private 
cisterns,  the  usual  capacity  of  the  dwelling-house  cistern  was 
about  2000  gallons.  They  were  raised  a few  feet  from  the 
ground,  and  their  contents  protected  by  a lid  or  cover.  Some 
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were  placed  under  the  shade  of  a balcony;  a few  had  a special 
roof  over  them;  but  the  majority  had  only  such  protection  from 
the  rays  of  the  sun  as  was  afforded  by  t.heir  position  against  the 
house  wall.  All  that  were  not  tightly  covered  were  required 
to  be  covered  with  fine  netting  to  prevent  mosquitoes  breeding 
in  them.  The  deposit  in  New  Orleans  cisterns  Dr.  Smart  found 
to  collect  at  an  average  rate  of  an  inch  a year.  Sediment  col- 
lects from  all  rain  water,  and  should  be  removed  before  reaching 
any  considerable  amount,  since  it  is  stirred  up  by  the  inflow  from 
each  rain,  and  the  organic  matter  therein  is  continually  decom- 
posing. 

The  table  on  page  107  gives  the  analyses  of  a few  cistern 
waters. 


Art.  29.  Quantity  of  Rainfall 

Rainfall,  being  the  origin  of  all  supplies,  is  the  basis  of 
calculation  of  the  amount  available  from  whatever  source, 
and  a consideration  of  the  amount  of  rainfall  is  an  essential 
foundation  for  further  discussion. 

The  rain  which  will  fall  at  any  one  place  in  any  day,  month, 
or  year  cannot  be  accurately  predicted  by  any  known  theory 
or  science;  but  a record  of  past  rainfalls  will  afford  an  aid  to 
our  judgment  in  estimating  such  amount,  and  in  fact  forms 
practically  the  only  basis  for  such  judgment;  although  in  some 
cases  probable  changes  in  certain  large  features  of  the  country — 
such  as  deforestation — may  be  considered.  (Authorities  differ 
as  to  whether  the  presence  of  forests  causes  increased  precipita- 
tion; but  there  seems  to  be  little  proof  that  such  increase,  even 
if  there  is  any,  is  at  all  considerable  in  amount.) 

The  rainfall  of  each  locality  differs  from  that  of  every  other 
one,  not  only  in  long-term  averages,  but  even  in  times  of  drought 
and  flood.  Points  only  a hundred  miles  apart  often  have  exces- 
sive or  different  rainfall  in  different  years.  Even  on  one  water- 
shed (the  Esopus,  New  York’s  Catskill  water  supply)  the  seven- 
year  averages  of  ten  rainfall  gaging  stations  varied  from  39.6 
to  58.6  inches;  and  the  average  of  all  was  20  per  cent  higher  than 
the  normal  as  given  by  the  U.  S.  Weather  Bureau;  while  at 
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Albany,  50  miles  away,  the  average  for  the  same  seven  years 
was  23  per  cent  below  this  normal.  The  rainfall  at  any  one  point 
may  at  any  time  be  double  the  average,  or  only  a half  or  a third 
of  it. 

In  spite  of  these  wide  variations,  there  are  certain  general 
laws  that  can  be  learned  and  upon  which  plans  may  be  based. 
If  fact,  many  plans  must  be  based  upon  some  rainfall  assumptions. 
With  sufficient  past  rainfall  records  as  a basis,  we  can  safely 
assume  that  the  rainfall  for  no  year  will  ever  be  less  than  a cer- 
tain minimum  or  more  than  a certain  maximum.  We  can  also 
feel  safe  in  assuming  that  the  total  rainfall  for  a period  of  thirty 
years  will  always  fall  within  certain  limits.  It  19  believed 
that  a thirty-  or  forty-year  rainfall  record  will  include  the  maxi- 
mum floods  and  droughts  that  are  likely  to  occur  on  that  partic- 
ular area,  and  also  that  during  that  time  a complete  cycle  of 
rainfall  rates  will  have  been  completed  that  will  give  a fairly 
correct  average. 

Table  No.  12 

SOME  EXTREMES  OF  ANNUAL  PRECIPITATION  AND  THEIR 
PROPORTION  * 


Location. 

Interval. 

Inches  of  Annual 
Precipitation. 

Per  Cent 
of  Maxi- 
mum to 
Minimum. 

Average. 

Maximum. 

Minimum. 

Boise,  Idaho 

1868-1914 

13.81 

25.80 

6.69 

386 

Boston,  Mass 

1818-1914 

44.  10 

67. 72 

27. 20 

250 

Des  Moines,  Iowa 

1879-1914 

32.23 

56.81 

18.  24 

31I 

Detroit,  Mich 

1871-1914 

32.00 

47.69 

21.06 

226 

Grand  Junction,  Colo. . . 

1893-1914 

8.  24 

II . 61 

3-64 

320 

Little  Rock,  Ark 

1880-1914 

49.11 

75.54 

33  32 

230 

Los  Angeles,  Cal 

1877-1914 

15.71 

38.18 

5-59 

683 

Madison,  Wis 

1869-1914 

31-71 

52.91 

13-49 

392 

New  Orleans,  La 

1836-1914 

56.05 

85.73 

31.07 

276 

Omaha,  Neb 

1871-1914 

29.68 

48.92 

15-49 

316 

Pueblo,  Colo 

1889-1914 

11.78 

18.58 

‘ 6. 14 

302 

Richmond,  Va 

1872-1914 

41.63 

72.02 

, 27.65 

260 

Rochester,  N.  Y 

1871-1914 

33-69 

49.89 

20.30 

245 

St.  Louis,  Mo 

1837-1914 

39-96 

68.83 

23-38 

294 

St.  Paul,  Minn 

1837-1914 

27.31 

49-69 

10.  21 

486 

* By  C.  P.  Birkinbine. 
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Where  no  record  of  such  duration  is  available  for  the  area 
in  question,  the  only  available  plan  is  to  use  such  records  of 
adjacent  and  surrounding  territory  as  have  been  secured; 
especially  of  such  minor  areas  as  are  similarly  situated  with 
respect  to  conditions  affecting  rainfall.  When  such  compari- 
sons are  made,  local  records  being  wanting,  plans  based  upon 
them  should  allow  for  a considerable  “ factor  of  safety.”  In 
making  such  comparisons,  where  records  of  several  neighboring 
areas  are  available  each  should  be  weighted  with  a factor  ex- 
pressing its  propinquity  to  the  area  in  question  and  its  similarity 
of  conditions  affecting  rainfall;  the  sum  of  the  products  of  the 
several  local  averages  and  their  respective  factors,  divided  by 
the  sum  of  the  factors,  giving  the  probable  average  desired. 

Rainfall  records  are  now  taken  by  the  U.  S.  Weather  Bureau, 
or  by  observers  recognized  by  it,  at  more  than  5000  stations  in 
the  United  States,  although  comparatively  few  of  these  extend 
back  for  thirty  years.  These  records  for  any  given  state  or  other 
area  can  be  obtained  from  the  Bureau  for  this  use,  and  other 
uses  that  will  be  designated  further  on. 

Reliable  rainfall  records  continuous  for  more  than  seventy 
years  have  been  kept  at  Boston,  New  Bedford,  Waltham,  Lowell, 
Amherst,  Worcester,  and  Cambridge,  Mass.;  Providence,  R.  I.; 
Albany,  Rochester  and  New  York  City,  N.  Y.;  Newark,  N.  J.; 
Philadelphia,  Charleston,  New  Orleans  (except  during  i860  to 
1868),  Cincinnati,  St.  Louis,  Fort  Leavenworth  and  St.  Paul. 

Instead  of  comparing  inches  of  rainfall,  it  is  desirable  for  many 
purposes  to  compare  percentage  variations — that  is,  the  per- 
centages that  the  individual  yearly  rainfall  rates  are  of  the  aver- 
age rate  for  each  station.  For  instance,  a fair  uniformity  will 
often  be  found,  in  a given  section  of  the  country  during  twenty 
or  thirty  years,  in  the  number  of  yearly  records  that  exceed  the 
local  average  by  ten,  twenty,  thirty,  etc.,  per  cent.  And  it  is 
the  extent  and  frequency  of  such  variations,  and  not  the  year  of 
their  occurrence,  that  is  most  important  or  can  be  even  approxi- 
mately predicted. 

The  year  is  too  long  a rainfall  period  for  many  purposes,  and 
the  unnatural  division  of  the  records  by  the  calendar  year  is 


QUANTITY  OF  RAINFALL 


111 


objectionable  for  several  reasons.  Consequently  most  records 
are  given  by  months;  and  the  water  year  is  taken  by  some  as 
beginning  with  November  ist  or  December  ist;  or  locally  at 
some  date  well  outside  of  the  annual  “ rainy  season.”  The 
monthly  variations  are  much  greater  than  the  annual,  and  the 
monthly  records  over  long  periods  for  several  neighboring 


stations  will  not  often  show  any  striking  similarities.  But 
comparisons  of  percentages  of  variation  from  the  mean  monthly 
precipitation  are  very  useful.  Especially  useful  are  cumulative 
surplus  and  deficiency  percentages,  showing  length  and  intensity 
of  drought  and  wet  seasons.  Cumulative  diagrams  are  recom- 
mended for  this  purpose,  an  ordinate  being  plotted  for  each 
month  representing  the  total  precipitation  from  the  beginning 
of  the  period  considered  to  the  end  of  the  month  in  question. 
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If  a straight  line  be  plotted  on  a slope  representing  average  rain- 
fall and  starting  from  the  same  zero,  the  two  lines  will  cross  at 
the  time  when  the  deficiency  or  excess  has  been  offset  by  later 


excess  or  deficiency;  and  the  angle  between  the  two  lines  at 
any  point  will  indicate  whether  the  precipitation  at  that  time  is 
less  or  greater  than  the  average. 
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Fig.  13. — Progressive  Mean  Annual  Precipitation  at  Several  Locations  in  the 

United  States. 

From  “ Flow  of  Streams  and  Factors  that  Modify  It,”  by  D.  W.  Mead,  in  Bulletin  of 
University  of  Wisconsin.  Blanford’s  progressive  average  is  used= 

in  which  a,  b,  c,  d and  e are  the  annual  precipitation  for  the  year  in  question  (c),  the 
two  years  preceding  and  the  two  following. 
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Table  No.  13 

RECORDS  OF  SOME  SEVERE  STORMS  * 


Location. 


Albany,  N.  Y 

Alpena,  Mich 

Amanda,  la 

Atlanta,  Ga 

Atlanta,  Ga 

Berne,  Ind 

Biscayne,  Fla 

Brandytvine  Hundred,  Pa  . . 

Cambridge,  Ohio 

Catskill,  N.  Y 

Chicago,  111 

Collinsville,  Ind 

Concord,  Pa 

Embarrass,  Wis 

Flatbush,  L.  I 

Ft.  Leavenworth,  Kan 

Ft.  McPherson,  Neb 

Ft.  Randall,  S.  D 

Ft.  Scott,  Kan 

Galveston,  Tex 

Huron,  S.  D 

Indianapolis,  Ind 

Jewell,  Md 

Lebanon,  Pa 

Long  Branch,  N.  J 

Newton,  Pa 

Newton,  Pa 

New  York,  N.  Y 

New  York,  N.  Y 

Osage,  la 

Ottawa,  Ohio 

Palmetto,  Nev 

Paterson,  N.  J 

Philadelphia,  Pa 

Portsmouth,  Ohio 

Sandusky,  Ohio 

San  Francisco,  Cal 

St.  Louis,  Mo 

Stroudsburg,  Pa 

Tridelphia,  W.  Va 

Washington,  D.  C 

Worthington,  Minn 


Date- 


July  lo,  1876 

September  20,  1884. . . 

[uly  31,  1878 

April  24,  1889 

July  23,  1898 

August  16,  1913 

March  28,  1874 

August  5,  1843 

July  16,  1914 

July  26,  1819 

May  25,  1896 

May  23,  1888 

August  5,  1843 

May  28,  1881 

August  22,  1843 

July  21,  1887 

May  27,  1868 

May  28,  1873 

October  2,  1881 

June  4,  1871 

July  26,  1885 

July  12,  1876 

July  27,  1897 

July  10,  1914 

July  14,  1912 

August  5,  1843 

August  5,  1843 

May  22,  1881 

November  18,  1886.  . . 

August  26,  1881 

August  21,  1913 

August  7,  1890 

July  13,  1880 

September  12,  1862..  . 

June  22,  1851 

July  II,  1879 

December  20-21,  1866 

August  15,  1848 

August  I,  1913 

July  19,  1888 

July  26,  1885 

August  20,  1913 


Depth 

in 

Inches. 

Duration. 

Average 
Rate 
per  Hr. 

Hrs. 

Min. 

1 . 12 

0 

10 

6.72 

1-05 

0 

II 

5-73 

1.56 

0 

15 

6.24 

I . 12 

0 

10 

6.  72 

4.30 

0 

51 

5.06 

2-55 

0 

30 

S-io 

4. 10 

0 

30 

8.20 

10.00 

2 

0 

5.00 

7.09 

I 

30 

4-73 

18.00 

7 

30 

2.40 

1.24 

0 

15 

4.96 

1.70 

0 

12 

8.50 

16.00 

3 

0 

5-33 

2.30 

0 

15 

9.  20 

9.00 

8 

0 

1 . 12 

1 .90 

0 

20 

5.70 

1-50 

0 

5 

18.00 

1.56 

0 

15 

6.24 

1 . 80 

0 

20 

5.40 

3-95 

0 

14 

16.93 

1.30 

0 

10 

7.80 

2.40 

0 

25 

5.76 

14.75 

18 

0 

0.82 

5.00 

2 

0 

2.50 

0.80 

0 

5 

9.60 

5.50 

0 

40 

8.25 

13.00 

3 

0 

4-33 

1. 15 

0 

10 

6.90 

0.25 

0 

2 

7.50 

1.40 

0 

IS 

5.60 

2.28 

0 

40 

3.42 

8.80 

I 

0 

8.80 

1.50 

0 

8 

II . 25 

9.00 

5 

0 

1 . 80 

1-75 

0 

15 

7.00 

2.25 

0. 

IS 

9.00 

7.76 

8 

45 

0.89 

5.05 

I 

0 

5-05 

7.50 

3 

SO 

1.96 

6.90 

0 

55 

7.53 

0.96 

0 

6 

9.60 

8.00 

II 

0 

0.73 

* By  C.  P.  Birkinbine. 
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For  many  purposes,  such  as  designing  spillways,  the  month 
is  much  too  long  a unit;  and  single  storms,  hours  or  five-minute  * 
periods  are  taken.  For  these,  self-recording  rain  gages  are 
necessary  for  measuring  the  precipitation,  and  five-minutes  is 
generally  taken  as  the  unit  of  time.  The  important  fact  to  be 
learned  is  the  maximum  amount  of  rainfall  to  be  expected  in  any 
five,  ten  or  fifteen-minute  and  longer  period;  and  the  total 
rainfall  in  this  particular  storm  that  has  preceded  this  maximum. 
Here  the  records  of  no  one  station,  not  even  of  one  on  the  area 


Table  No.  14 

PERCENTAGES  EXTREME  INDIVIDUAL  ANNUAL  RAINFALLS  ARE 
OF  MEAN  ANNUAL  RAINFALL  RATES 


Location. 

Period,  Years 

Per  Cent 

OF  Mean. 

Maximum. 

Minimum. 

Boston,  Mass : 

96 

153 

62 

Detroit,  Mich 

43 

149 

66 

Little  Rock,  Ark 

34 

154 

68 

New  Orleans,  La 

78 

153 

55 

Omaha,  Neb 

43 

165 

52 

Richmond,  Va 

42 

173 

66 

Rochester,  N.  Y 

43 

148 

60 

St.  Louis,  Mo 

77 

172 

59 

St.  Paul,  Minn 

77 

182 

37 

Brooklyn,  N.  Y 

87 

135 

73 

in  question,  should  be  considered  sufficient,  for  extreme  rainfall 
rates  may  visit  any  given  locality  only  once  in  a century;  but 
that  once,  washing  out  a dam,  may  cause  great  damage  and  loss 
of  life  and  should  be  provided  against.  For  this  reason  maxi- 
mum rainfall  rates  for  all  sections  at  all  similarly  situated  are 
used.  Scores  of  such  rates  have  been  collected  and  several 
formulas  have  been  evolved  for  expressing  such  maximum 
rates  in  terms  of  duration.  Fig.  14  shows  several  of  these 
which  are  perhaps  as  reliable  as  any  for  general  use.  Talbot’s 
maximum  is  supposed  to  include  all  storms  for  sections  east  of 
the  Rocky  Mountains,  although  a few  storms  (indicated  by 
X ’s  on  the  diagram)  have  exceeded  it.  Sherman’s  maximum  for 
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Boston  will  probably  apply  to  the  eastern  United  States,  but 
may  be  exceeded  at  any  place  once  in  ten  years  or  so.  The 
two  “ ordinary  ” curves  represent  ordinary  storms  that  may  come 
almost  any  year.  The  curve  for  San  Francisco,  based  on  local 
records,  indicates  the  less  intensity  of  storm  precipitation  on 
the  middle  and  southern  Pacific  coast.  Some  maximum  figures 
are  given  in  the  table  on  page  114. 

Table  No.  15 


ANNUAL  RATES  AND  SUCCESSIVE  AVERAGES. — ST.  PAUL 


Year. 

Rain- 

fall. 

Aver- 
age to 
Date. 

Year. 

Rain- 

fall. 

Average 

TO  Date. 

Year. 

Rain- 

fall. 

Average 

TO  DATE.f 

For- 

ward. 

Back- 

ward. 

For- 

ward. 

Back- 

ward. 

1837 

24.1 

1862 

34-5 

26.3 

28.6 

1887 

259 

27.4 

28.4 

1838 

27.7 

25-9 

1863 

15-7 

25-9 

28.5 

1888 

25.8 

27.4 

28.5 

1839 

21 . 2 

24-3 

1864 

14.9 

25-5 

28.8 

1889 

17. I 

27. 2 

28.6 

1840 

23.1 

24.0 

1865 

38.1 

25-9 

29.  I 

1890 

235 

27.1 

29.2 

1841 

21.6 

23-5 

1866 

27.9 

26.0 

28.9 

1891 

21.8 

27.0 

29-5 

1842 

26.7 

24.1 

1867 

33-6 

26.3 

28.9 

1892 

32.6 

27.1 

29.9 

1843 

23.8 

24.0 

1868 

30-7 

26.4 

28.8 

1893 

26.0 

27.1 

29.7 

1844 

30-4 

24.8 

1869 

32.2 

26.6 

28.8 

1894 

25.8 

27.1 

29.9 

1845 

25-5 

24.9 

1870 

32.1 

26.  7 

28.  7 

1895 

24-3 

27.0 

30.2 

1846 

26.0 

25.0 

1871 

30-7 

26.9 

28.6 

1896 

34-7 

27.1 

30.6 

1847 

21.9 

24.7 

1872 

29.6 

26.9 

28.5 

1897 

30-5 

27. 2 

30.3 

1848 

23.2 

24.6 

1873 

34-6 

27.1 

28.5 

1898 

25-3 

27. 2 

30-3 

1849 

49.8 

26.5 

1874 

35-5 

27.4 

28.4 

1899 

27-5 

27. 2 

30.7 

1850 

25-5 

26.4 

1875 

30- 7 

27.4 

28.  2 

1900 

34-2 

27-3 

311 

1851 

23-4 

26.2 

1876 

23.6 

27-3 

28.1 

1901 

25.8 

27-3 

30.7 

1852 

15.0 

25.6 

1877 

28.7 

27.4 

28. 2 

1902 

31.8 

27-3 

31-3 

1853 

20.4 

25-3 

1878 

22.6 

27-3 

28.  2 

1903 

37-9 

27-5 

31.2 

1854 

26.5 

25-3 

1879 

32. 5 

27.4 

28.4 

1904 

33-8 

27.6 

30.2 

185s 

24.9 

25-3 

1880 

29.8 

27.4 

28.  2 

1905 

30.8 

27.6 

29.7 

1856 

22. 7 

25.2 

1881 

39-2 

27.7 

28.  2 

1906 

33-2 

27.7 

29-5 

1857 

32.1 

25  • 5 

1882 

23.1 

27.6 

27.8 

1907 

23.1 

27 . 6 

28.5 

1858 

20.1* 

25.2 

1883 

26.5 

27.6 

27.9 

1908 

31.6 

27.7 

30.3 

1859 

29. 1 

25-4 

1884 

26. 1 

27.6 

28.0 

1909 

31.8 

27.7 

29.7 

i860 

34-2 

25.8 

188s 

25-3 

27-5 

28.  I 

1910 

27.6 

27.7 

1861 

30-5 

26.0 

1886 

22.9 

27.4 

1 

28. 2 

i 

1 

* Estimated. 

t The  averages  in  the  last  column  are  obtained  by  beginning  with  1910  and  working 
backward.  This  gives  the  averages  for  any  number  of  recent  years.  It  is  believed  that 
most  records  prior  to  1880  or  1870  are  too  low,  and  28.3  ± would  probably  be  a more 
correct  average  for  St.  Paul  than  27.7. 
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Duration  of  Rainfall  at  Average  Rate  Given. 
Fig.  14. — Rainfall  Curves. 
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Even  in  arid  regions  quite  high  rates  may  be  experienced. 
At  Yuma,  Ariz.,  there  fell  in  one  day  in  1899  0.5  inch,  and  the 
total  for  the  entire  year  was  0.6  inch.  In  1909  4.01  inches  fell  in 
one  day  and  8.63  inches  in  the  entire  year.  But  the  highest 
rates  referred  to  above  probably  never  occur  in  the  dry  regions 
between  the  Rocldes  and  the  Pacific  Coast  mountains. 

Art.  30.  Conditions  Affecting  Rainfall 

Rainfall  cannot  be  affected  by  any  changes  in  the  earth’s 
surface  made  by  men.  Few,  if  any,  authorities  now  believe  that 
the  destruction  or  planting  of  forests  has  any  appreciable  effect 
in  causing  precipitation;  and  the  effect  of  either  upon  the  total 
amount  of  moisture  evaporated  for  later  precipitation  is  negli- 
gible. 

In  all  of  this  discussion  on  precipitation,  snow  and  hail  are 
included  as  rain.  In  many  localities  the  relative  amount  of 
snow  as  compared  to  the  rainfall  is  small.  (One  foot  of  snow 
fall  is  equivalent  to  between  i and  2 inches  of  rain.)  On  the 
other  hand,  in  other  localities  it  is  the  most  important  form  of 
precipitation,  this  being  especially  true  in  mountain  regions. 
At  Summit,  Cal.,  86  per  cent  of  the  precipitation  occurs 
as  snow,  298  inches  having  fallen  in  one  month.  Snow  in  the 
Utah  mountains  has  been  found  by  measurement  to  average 
48  inches  depth,  containing  25  per  cent  water.  This  high 
water  content  is  due  to  packing  under  the  weight  of  superim-  - 
posed  snow.  (After  falling,  snow  may  pack  by  melting  and 
weight  and  absorb  moisture  so  as  to  be  equivalent  to  50  per 
cent  its  depth  of  water.)  Since  the  water  content  of  snow  varies, 
the  only  reliable  method  of  recording  it  is  as  the  depth  of  equiv- 
alent water  (rain),  and  this  is  the  practice. 

While  the  annual  precipitation  on  any  given  area  varies 
considerably,  its  average  rate  and  the  variations  therefrom 
are  approximately  fixed  within  certain  limits;  and  they  vary 
with  certain  conditions.  The  conditions  exerting  most  influence 
on  rainfall  are  location  with  reference  to  an  ocean  or  other  large 
body  of  water,  and  with  reference  to  the  path  of  prevailing 
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winds  from  such  body  of  water;  whether  the  area  is  in  or  near  the 
ordinary  track  of  storms;  location  relative  to  mountain  ranges, 
especially  high  ones  at  right  angles  to  the  prevailing  rain- 
bearing winds;  and  elevation  above  sea  level. 

Rain  is  the  precipitation  of  moisture  that  has  been  evaporated 
by  warm  air,  caused  by  a chilling  of  the  moisture-laden  air. 
Swampy  lands  contribute  considerable  moisture,  but  their 
area  is  so  small  compared  to  that  of  the  oceans  that  the  latter 
are  the  chief  controlling  source  of  moisture.  In  some  localities 
the  evaporated  moisture  travels  but  a short  distance  before  it 
is  precipitated;  but  over  most  of  the  United  States  the  precipita- 
tion is  of  moisture  evaporated  from  the  Atlantic  or  Pacific 
ocean,  the  Gulf  of  Mexico,  and  to  a small  extent  from  the  Great 
Lakes. 

The  moisture-laden  air  may  travel  low,  in  which  case  it 
is  precipitated  on  the  slopes  of  the  mountains  near  the  ocean;  or 
it  may  travel  sufficiently  high  to  pass  over  these  and  be  precipi- 
tated further  inland.  The  higher  the  mountain  the  greater  the 
probability  that  it  wiU  receive  a large  share  of  the  moisture. 
But  atmospheric  disturbances  that  chill  the  moisture-laden  air 
may  occur  anywhere,  when  the  precipitation  will  be  more  or 
less  in  proportion  to  the  amount  of  moisture  carried  by  the  air. 
Therefore  the  nearer  an  area  is  to  an  ocean,  other  things  being 
equal,  the  greater  its  rainfall.  But  this  is  modified  by  the  direc- 
tion of  the  prevailing  winds.  If,  or  while,  these  blow  from  land 
to  ocean  there  can  be  httle  rainfall.  The  Middle  Atlantic  coast 
region,  where  rain  is  brought  from  either  north,  east  or  south, 
has  a quite  uniform  rainfall;  while  Nevada,  shut  off  from  the 
Pacific  by  the  high  coast  range,  may  have  but  one  or  two  rain- 
falls a year;  and  in  Southern  Cahfornia,  though  it  is  near  the 
ocean,  the  prevailing  winds  prevent  more  than  occasional  rain. 
The  atmospheric  disturbances  that  cause  rainfall  are  most  often, 
in  this  country,  due  to  the  passing  over  the  area  of  a storm 
center  and  the  paths  followed  by  most  storm  centers  are  more 
or  less  definitely  fixed.  The  frequency  and  intensity  of  rain- 
falls therefore  vary  with  the  location  of  the  area  in  relation  to 
the  paths  of  storms. 
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There  is  difference  of  opinion  as  to  whether  elevation  affects 
precipitation.  Certainly  in  some  cases  where  other  conditions 
are  apparently  equal,  precipitation  increases  with  elevation, 
but  there  are  other  locations  where  no  such  relation  seems  to 
exist.  The  mean  annual  precipitation,  by  districts  and  alti- 
tudes, of  several  large  areas  is  shown  in  the  table  on  page  120. 

These  show  no  apparent  consistent  relation  between  altitude 
and  rainfall;  but  the  areas  are  so  large  that  distance,  and  topo- 
graphical features  also,  undoubtedly  exert  influences  that  would 
hide  the  relation,  if  any  exists.  On  the  other  hand,  such  a 
relation  appears  to  exist  on  the  rapid  slopes  of  the  mountains 
in  California  and  Oregon;  and  eighteen-year  records  in  Arizona, 
shown  in  Table  No.  17,  seem  to  indicate  such  a relation. 


Table  No.  17 

AVERAGE  FOR  18  YEARS  OF  JULY  RAINFALL  AT  DIFFERENT 
ALTITUDES  IN  ARIZONA 


No.  of  Stations. 

Elevation. 

Average  Rainfall. 

Average  Number 
Rainy  Days. 

Feet 

Inches 

8 

Below  looo 

0-33 

I 

i6 

lOOO  to  2000 

0.63 

5 

II 

2000  to  3000 

2. 72 

10 

i6 

3000  to  4000 

2.79 

10 

20 

4000  to  5000 

3-95 

14 

i6 

5000  to  6000 

4-05 

12 

lO 

6000  to  7000 

5-01 

17 

5 

7000  to  8000 

5-70 

21 

2 

8000  or  above 

7.12 

29 

• 

Elevation,  Ft. 

Average  annual 
Precipitation,  In. 

At  Sacramento,  Cal 

' 30 

19.80 

At  Folson,  Cal 

182 

23-33 

At  Auburn,  Cal 

1360 

32.5s 

At  Colfax,  Cal 

2421 

44.01 

At  Alta,  Cal 

3612 

42.13 

At  Emigrant  Camp,  Cal 

5230 

50.77 

At  Cisco,  Cal 

5939 

57.41 

At  Summit,  Cal 

7017 

47.93 
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The  diagram  below  illustrates  the  relation  between  total 
precipitation  and  that  from  thunderstorms;  consequently  the 
effect  upon  precipitation  of  location  with  reference  to  one  of  the 
paths  commonly  followed  by  storms. 

The  above  is  a very  brief  statement,  and  a very  general  one 
subject  to  many  minor  modifications,  of  the  conditions  affecting 
rainfall.  Because  of  the  variations  in  these  conditions,  average 
annual  precipitation  in  different  sections  of  the  United  States 


Fig.  15. — Relation  between  Number  of  Thunderstorms  and  Annual  Precipitation. 
By  C.  P.  Birkinbine.  Averaged  for  127  widely  scattered  stations  in  the  United  States. 


varies  from  125  inches  to  3 inches;  while  individual  yearly 
records  vary  from  162.5  inches  (Glenora,  Ore.,  1899)  to  o.i 
inch  at  Mohawk,  Ariz.,  in  1895,  and  nothing  at  all  in  Bagdad, 
Cal.,  in  1913.  But  certain  areas  may  be  outlined  within 
each  of  which  the  conditions  are  so  nearly  similar  that  the 
average  annual  precipitations  at  all  points  lie  within  a 5 -inch 
or  lo-inch  range.  Such  a division,  prepared  by  the  Weather 
Bureau,  is  shown  on  the  accompanying  map. 

A similar  subdivision  by  political  divisions  (groups  of  states) 
and  consequently  less  reliable,  is  shown  in  Table  No.  18. 
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Table  No.  18. 

MEAN  ANNUAL  PRECIPITATION  IN  THE  UNITED  STATES 


(Mean,  Maximum,  and  Minimum  Averages  of  Stations  in  each  District) 


Districts. 

New  England. 

Middle  Atlantic 
States. 

South  Atlantic 
States. 

Florida  Peninsula. 

East  Gulf  States. 

West  Gulf  States. 

Ohio  Valley  and 

Tennessee. 

Lower  Lake 

Region. 

Upper  Lake 

Region. 

North  Dakota. 

Upper  Mississippi 

Valley. 

Mean 

43-46 

43.75 

54-09 

49.78 

54.25 

43.15 

45.45 

35.45 

32.61 

18.95 

34-21 

Maximum. 

47. 5 1 

52.34 

66.41 

57.98 

62.61 

53.63 

54-97 

41 . 28 

35.08 

23.77 

42.83 

Minimum  . 

35.74 

37.89 

47.55 

38.46 

51.97 

29.70 

36.68 

30.95 

1 

29.53 

14.70 

27.21 

Districts. 

Missouri  Valley. 

Northern  Slope. 

Middle  Slope. 

Southern  Slope. 

Southern  Plateau. 

Middle  Plateau. 

Northern  Plateau. 

North  Pacific 

Coast  Region. 

Middle  Pacific 

Coast  Region. 

Southern  Pacific 

Coast  Region. 

Mean 

30.25 

14.39 

22.33 

21.61 

8.44 

12. 22 

16.36 

45.27 

29.81 

14-59 

Maximum . 

39.93 

18.27 

33.29 

25.02 

14.25 

16.19 

18.25 

62 . 27 

45.83 

21.52 

Minimum. 

15.77 

12.20 

12 . II 

18. 19 

2.97 

1 

8.48 

15.15 

1 

35.16 

20.87 

9.00 

From  the  above  it  is  seen  that  the  warm,  moist  winds  of  the 
North  Pacific  are  robbed  of  a large  part  of  their  moisture  by  the 
west  slope  of  the  Sierra  Nevada  and  Cascade  Range,  leaving 
little  for  the  plateau  to  their  east.  The  winds  blowing  over  the 
Gulf  Stream  into  the  South  Atlantic  and  Gulf  states  yield  their 
moisture  to  them ; and  as  they  ascend  the  valley  of  the  Mississippi 
and  its  tributaries  their  moisture  and  the  consequent  rainfall 
decrease.  Above  Cape  Hatteras  the  departure  of  the  Gulf 
Stream  from  the  coast  causes  its  influence  to  be  less  felt  in 
precipitation,  so  that  the  winds  from  the  Gulf,  after  passing  the 
low  countries  of  Louisiana,  Mississippi,  and  Alabama,  contribute 
more  rain  to  the  Ohio  valley  than  do  the  winds  from  the  Atlantic 
to  the  North  Atlantic  states. 

These  figures  and  presentation  of  conditions  affecting  rain- 
fall are  given  to  assist  in  estimating  the  probable  rainfall  at 
any  given  place.  As  stated  before,  such  estimate,  where  no 
actual  measurements  have  been  taken  for  a number  of  years, 
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must  generally  be  based  upon  records  for  other  places;  and 
each  such  record  should  be  given  a weight  corresponding  to  the 
agreement  between  its  rain-causing  conditions  and  those  of  the 
area  in  question.  For  instance,  if  the  distance  from  the  sea 
and  from  the  nearest  mountains  is  practically  the  same  for  each 
place,  and  both  lie  within  or  wholly  without  a path  of  thunder 
storms,  the  precipiation  will  probably  be  the  same.  In  general 
the  greatest  proportional  differences  will  be  found  in  the  dis- 
tricts with  the  lowest  rainfalls.  But  it  should  be  realized  that 
so  little  is  really  known  of  the  influencing  conditions,  and  the' 
variations  from  year  to  year  are  so  considerable,  that  a thirty- 
or  forty-year  record  taken  at  the  place  in  question  furnishes 
the  only  reliable  figures,  and  any  other  estimates  must  be  con- 
sidered as  subject  to  an  error  the  amount  of  which  must  be  esti- 
mated by  the  engineer’s  best  judgment.  An  example  of  the 
variation  between  rainfall  at  places  similarly  situated  and  near 
together  is  furnished  by  the  gages  in  the  Catskill  mountains  in 
New  York.  On  the  Esopus  watershed  of  255  square  miles,  two 
gages  only  a few  miles  apart  gave  seven-year  averages  differing 
by  50  per  cent;  while  various  gages  throughout  the  mountains 
gave  averages  between  1906  and  1913  ranging  frorn  32.1  inches 
to  59.0  inches. 

Art.  31.  Cycles  of  Low  Rainfall 

Almost  all  problems  involving  precipitation  with  which  the 
• engineer  is  concerned  are  affected  by  extreme  conditions  rather 
than  long-time  averages.  Intense  rainfall  must  be  provided  for 
in  designing  spillways  and  other  provisions  for  handling  surplus 
water.  If  there  were  no  storage,  either  natural  or  artificial, 
a water  supply  would  be  available  only  during  rains;  but  some 
storage  is  always  provided,  either  in  the  ground  or  in  artificial 
reservoirs.  If  these  have  sufficient  capacity  only  to  tide  over 
one  dry  month,  then  two  consecutive  dry  months  would  find  the 
supply  entirely  wanting  during  the  second.  To  utilize  the  entire 
rainfall  (or  so  much’  as  runs  off)  for  a long  series  of  years  would 
require  a reservoir  of  a capacity  equal  to  the  total  deficiency  in 
rainfall  for  the  longest  period  during  which  the  rainfall  was  below 
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the  average;  and  to  utilize  all 
the  run-off  from  an  average 
rainfall  of  any  less  amount 
would  require  storage  equal  to 
the  maximum  total  continuous 
deficiency  below  that  average. 
Boston  has  experienced  twenty- 
six  years  of  continuous  deficiency 
below  the  full  average,  the  total 
deficiency  being  about  115 
inches,  or  2^  times  the  average 
annual  precipitation.  This  was 
followed  by  thirty-five  years 
above  the  average,  except  for 
two  years  that  were  only  slightly 
below  it.  Recently  that  section 
has  experienced  ten  years  of  pre- 
cipitation continuously  below 
the  average.  Fig.  14  shows  the 
annual  variations  from  the  aver- 
age at  six  locahties.  The  dryest 
year  in  a century  will,  for  most 
sections  except  the  most  arid, 
generally  have  a rainfall  between 
40  and  60  per  cent  of  the  aver- 
age. The  percentage  of  the 
average  for  the  dryest  one,  two, 
three,  four  and  five  years  re- 
corded, for  three  cities,  is 
shown  in  the  table  on  page  126. 

Shorter  dry  seasons  will 
reach  much  greater  departures 
from  the  average.  In  several 
sections  the  precipitation  may 
be  almost  or  quite  nothing  for 
one  or  several  successive  months 
almost  every  year;  and  in  any 


Inches 


Fig.  17. — Diagram  Showing  Progressive  Average  Rainfall  in  Cambridge,  Mass. 

The  progressive  average  is  made  by  plotting  the  successive  averages  of  the  rainfall  for  three-year  periods  upon  the  ordinate  representing  the  last 
year  of  the  period.  By  X.  H.  Goodnough;  Journal  N.E.W.W.  Ass’n,  ipiS* 
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section  it  may  occasionally  be  so.  Atlanta,  Ga.,  had  but 
o.i  inch  rainfall  during  fifty-eight  days.  New  York  had  0.2 
inch  rain  in  forty-six  days  in  1914.  Boston  had  o.i  inch  in 
thirty- two  days  in  1914.  Portland  Ore.,  had  seventy-five  days 
without  measurable  precipitation  in  1914.  At  Philadelphia 
and  Boston  the  rainfall  has  been  less  than  i inch  during  each 
month  in  some  year. 


DRY  CYCLES  OF  FROM  TWO  TO  FIVE  YEARS’  DURATION 


City. 

Length 

of 

Record, 

Years. 

Mean 

Precipi- 

tation, 

Ins. 

Dryest 

Year, 

Per 

Cent. 

Dryest 

2 Years, 
Per 
Cent. 

Dryest 

3 Years, 
Per 
Cent. 

Dryest 

4 Years, 
Per 
Cent. 

Dryest 

5 Years, 
Per 
Cent. 

Dryest 
25  Yrs., 
Per 
Cent. 

Boston 

90 

45-3 

58 

68 

76I 

79h 

90 

Philadelphia . 

84 

42.6 

68 

73h 

771 

78 

79h 

Denver 

35 

14-3 

65 

71 

1 

77 

80 

85  ^ 

In  the  majority  of  cases,  but  not  always,  months  of  heavy 
rainfall  precede  and  follow  severe  droughts;  and  in  the  majority 
of  cases  the  average  of  any  three  consecutive  months,  including 
the  minimum,  is  at  least  two-thirds  of  the  monthly  average  for 
that  year. 


Table  No.  19 

TYPICAL  DRY  PERIODS 


PHILADELPHIA  RECORD. 


Dec. 

Jan. 

Feb. 

Mar. 

Apr. 

May. 

June. 

-Tuly. 

Aug. 

Sept. 

Oct. 

Nov. 

Year. 

1841-1842 

S.92 

1.36 

4-27 

2.84 

5-31 

5.87 

3. 19 

II. 81 

3.79 

1.27 

1.72 

3.49 

50.84 

1842-1843 

3.66 

1.44 

2.54 

4.42 

4-72 

2.05 

1 . 69 

4-54 

9. 26 

4.86 

3.22 

4.18 

46.58 

1879-1880 

4-69 

I-5I 

2.43 

3-53 

2.43 

0.54 

1.67 

7.74 

5.09 

1 . 10 

1.74 

1.75 

34.22 

1880-1881 

4-05 

3 • 66 

4.76 

3.83 

0.61 

2.71 

3.87 

0.96 

1. 18 

0.94 

3.04 

2.02 

31.63 

NEW 

YORK 

RECORD. 

1841-1842 

2 . 70 

1 . 07 

2.85 

1.25 

3.60 

3.60 

3.30 

3 .80 

2.81 

2 . 10 

4-30 

1.80 

33.18 

1842-1843 

3-50 

1 . 00 

2.31 

2.13 

2 . 14 

I .00 

0.76 

1 . 64 

IS . 26 

3.06 

5. 91 

2.82 

41-53 

1879-1880 

4-94 

2 . 02 

2.12 

4.66 

2.90 

0.62 

I.I4 

8.53 

5 . 26 

1.85 

2.81 

2.46 

39.31 

1880-1881 

2 . 27 

4.80 

4-93 

5.81 

0.95 

3-20 

5.35 

1.25 

0.86 

0.97 

I.6o 

2.36 

34.35 
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Table  No.  20 

MEAN  MONTHLY  PRECIPITATION,  BY  PRECIPITATION  DISTRICTS,* 
AND  PERCENTAGES  OF  MAXIMUM  RANGE  OF  VARIATION 


District 

Number. 

Jan. 

Feb. 

Mar. 

April. 

May. 

June. 

July. 

Rate. 

Variation. 

Rate. 

Variation. 

Rate. 

Variation. 

Rate. 

Variation. 

Rate. 

Variation. 

Rate. 

Variation. 

Rate. 

Variation. 

I 

3-9 

69 

3.7 

51 

3.9 

59 

3.6 

55 

3.8 

52 

3.7 

41 

3.8 

66 

2 

4-3 

51 

3.8 

56 

4.6 

74 

30 

93 

4.0 

47 

5.5 

38 

6. 2 

58 

3 

1.9 

100 

2 . 0 

95 

2 . 2 

73 

2.7 

70 

3.9 

56' 

4.1 

39 

3.5 

49 

4 

0.8 

137 

0.7 

171 

1.4 

64 

1.8 

61 

2.8 

89 

3.0 

73 

2.3 

70 

5 

2.0 

45 

1.5 

40 

1.6 

50 

1.4 

57 

1.4 

57 

1 .0 

80 

0.4 

75 

6 

0.5 

20 

0.8 

50 

0.5 

40 

0.3 

167 

0.4 

loot 

0.3 

200t 

1 . 2 

138 

7 

8.1 

57 

6.0 

50 

5.4 

68 

4-3 

72 

2.7 

70 

2.3 

77 

0.8 

50 

8 

5.5 

53 

4.1 

49 

4.0 

62 

2.4 

75 

1.6 

88 

0.5 

160 

0. 1 

200 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Ye 

0 

d’ 

d 

d 

d 

d 

0 "s 

0 

.2 

0 

_o 

.2 

<U 

.2 

q3 

<u 

.2 

<u 

CD 

% 

c3 

c3 

"S 

Q 

Pi 

> 

Pi 

> 

Pi 

> 

Pi 

> 

Pi 

> 

Pi 

I 

4.0 

52 

3.5 

77 

3.1 

51 

3-7 

49 

3.4 

62 

44-0 

2 

6.4 

47 

5.4 

80 

3.9 

136 

3-3 

58 

3-5 

54 

53.4 

3 

3.1 

45 

3.0 

67 

2.6 

73 

2.3 

83 

2.0 

75 

33.0 
18.6  ( 

4 

2.0 

80 

1.5 

93 

1.3 

77 

0.7 

171 

0.7 

243 

5 

0.3 

166 

I.O 

100 

I . I 

63 

I . 2 

92 

1-9 

32 

14.6 

6 

1.2 

83 

0.0 

100  t 

0.6 

67 

0.5 

60 

I.O 

100 

8.4 

7 

I.O 

87 

3.2 

128 

5.3 

92 

7.5 

99 

8.9 

84 

45.3  1 

8 

0.0 

0.7 

86 

1.7 

47 

3.0 

33 

5.6 

46 

29.8  1 

-32 
-28 
-52 
-35 
+ 79 
-42 
-65 
— 22 
+38 
.-38 
+54 


* Precipitation  districts  referred  to  are  as  follows:  i.  The  North  Atlantic,  Ohio,  and 
West  Gulf;  2. , South  Atlantic  and  Gulf ; 3.  Upper  Mississippi  and  Great  Lakes;  4.  Eastern 
Slope;  5.  Northern  and  Middle  Plateau;  6.  Southern  Plateau;  7.  North  Pacific; 
8.  Middle  Pacific. 

tNever  any  rain  during  these  months  in  certain  localities. 


Art.  32.  Gaging  Rainfall 

Measurements  of  snow  are  ordinarily  recorded  in  inches 
of  fall  as  found  upon  a level  surface  free  from  drifts;  but  it 
is  very  difficult  to  obtain  an  average  depth  in  windy  weather, 
although  the  best  judgment  must  be  used  to  ascertain  this. 
Generally,  besides  expressing  this  in  inches,  a cylinder  of  snow 
of  this  depth  is  collected  and  melted  in  a can  or  tube  of  the 
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same  diameter  as  the  cylinder  of  snow,  and  the  depth  of  water 
resulting  is  recorded  as  precipitation  or  rainfall.  * 

Measurements  of  rainfall  are . taken  by  rain  gages.  The 
U.  S.  Weather  Bureau  standard  consists  of  a circular  cup  of  thick 
brass,  its  top  brought  to  a chisel-edge,  the  bottom  cone-shaped 
and  connected  with  a deep  tube  of  known  diameter  into  which 

the  rain  flows  from  the  cup.  (See 
Fig.  1 8.)  The  area  of  the  top  of  the 
cup  and  that  of  the  tube  bear  a 
known  relation  to  each  other — lo  to 
I is  a convenient  ratio — and  the 
depth  in  the  tube  is  measured  by  a 
stick  so  graduated  that,  when  it  is 
lowered  to  the  bottom  of  the  tube, 
the  scale  will  give  the  actual  depth 
of  rainfall,  allowance  being  made  in 
the  scale  for  both  the  relative  areas 
and  the  displacement  of  the  stick. 
The  depth  is  customarily  expressed  in  inches  and  decimals 
of  an  inch.  The  readings  are  taken  daily  and  at  the  begin- 
ning and  ending  of  each  storm. 

For  many  purposes  it  is  desirable  to  know  the  rate  of  fall 
for  short  intervals  of  five  minutes  or  less,  and  for  ascertaining 
this  self-recording  gages  are  necessary.  Several  styles  of 
such  gage  have  been  used.  One  is  the  “ tipping- tank,”  which 
tips  and  empties  itself  as  soon  as  it  has  received  .01  inch  of 
rainfall,  immediately  returning  to  an  upright  position,  the  time 
of  each  discharge  being  automatically  recorded.  Another 
gage  consists  of  a tank  suspended  by  a spring-balance,  a pencil 
attached  to  the  tank  continuously  recording  its  vertical  posi- 
tion upon  a cylinder  revolved  by  clockwork  once  in  twenty- 
four  hours.  In  using  any  recording  gage  the  total  water  caught 
should  be  retained,  and  measured  or  weighed  each  day  -as  a check 
upon  the  record.  Automatic  recording  gages  should  be  used 
only  where  they  can  be  inspected  frequently,  as  they  easily 
get  out  of  order  or  freeze. 

The  size  of  the  collector-cup  seems  to  have  some  effect 
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upon  the  catchment.  For  example,  of  four  3 -inch  cups  and 
one  S-inch  one,  in  use  on  Mt.  Washington,  the  average  total 
amount  collected  by  the  3-inch  cups  in  one  year  was  46.26 
inches,  while  that  recorded  by  the  8-inch  cup  was  58.70  inches. 
It  is  probable  that  the  larger  the  collector-cup  the  more  accu- 
rate the  result.  It  is  maintained  by  many  that  gages  at  the 
surface  give  less  accurate  results,  since  they  receive  not  only  the 
actual  precipitation,  but  also  a certain  amount  of  moisture  from 
the  surrounding  ground  which,  after  falling,  again  rises  by 
splashing  and  evaporation  and  is  reprecipitated.  A large 
number  of  the  gages  of  the  signal  service  are  placed  upon 
the  roofs  of  tall  buildings,  and  in  cities  this  is  generally  necessary 
but  leads  to  inaccuracies  owing  to  the  effect  of  buildings  upon  the 
direction  and  intensity  of  the  wind;  but  in  open  country  a height 
of  3 to  6 feet  from  the  surface  will  probably  give  the  most 
accurate  results.  The  gage  should  be  at  least  as  far  from  any 
building  or  other  obstacle  as  the  top  of  this  is  above  the  gage. 
The  rim  of  the  collector-cup  should  be  level. 
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SURFACE  WATERS 
Art.  33.  Evaporation 

If  all  the  precipitation  upon  a given  area  reached  the 
streams  draining  it  as  run-off,  the  calculation  of  the  amount 
of  the  latter  would  be  simply  finding  the  product  of  the  total 
area  of  watershed  by  depth  of  precipitation.  But,  as  has  been 
stated,  much  of  the  precipitation  returns  to  the  air  by  evapora- 
tion. Since,  however,  all  but  a very  minute  portion  of  the  rain- 
fall on  a given  watershed  that  does  not  leave  it  as  evaporation 
leaves  it  ultimately  as  yield,  the  latter  could  be  obtained  by 
taking  the  difference  between  the  total  precipitation  and  the 
total  evaporation,  if  these  two  could  be  determined. 

The  amount  of  direct  evaporation  depends  upon  the  degree 
of  dryness  of  the  air,  the  temperature  of  the  air  and  of  the  soil 
or  water  from  which  the  evaporation  takes  place,  upon  the 
amount  of  moisture  in  the  soil,  and  upon  the  force  of  the  wind. 
Most  measurements  of  evaporation  have  been  made  from  water 
surfaces  or  by  an  evaporometer.  Water  surfaces  form  but  a 
small  proportion  of  the  total  areas  of  most  catchment  basins, 
but  the  amount  of  evaporation  from  these  and  from  the  reser- 
voirs themselves  can  be  ascertained  much  more  accurately  than 
that  from  earth  and  vegetation.  The  tables  No.  21  and  22  give 
the  evaporation  from  water  surfaces  at  a number  of  places  in 
this  country. 

Of  the  Sweetwater  data,  those  for  the  first  four  years  were 
gaged  in  a pan  floating  in  the  reservoir;  for  the  last  three  years 
by  a Piche  evaporometer.  Both  this  and  the  Richards  evapora- 
tion gage  are  thought  by  some  to  give  inaccurate  results, 
since  they  are  affected  by  the  temperature  of  the  air  only,  which 
is  seldom  the  same  for  any  length  of  time  as  that  of  a near 
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body  of  water.  A more  accurate  method  would  seem  to  be  to 
measure  the  actual  loss ‘from  a pan  filled  with  water  and  floating 
in  a lake  or  other  body  of  water.  Such  a pan  and  scale  are  shown 
in  Fig.  19.  Owing  to  the  protection  from  wind  offered  by  the 
sides  of  the  pan,  this  may  give  results  slightly  less  than  the 
evaporation  from  lake  or  pond  surfaces. 


Table  No.  21 

EVAPORATION  FROM  WATER  SURFACES,  IN  INCHES 


Location. 

Monthly. 

Annual. 

Mean 

Annual 

Max. 

Min, 

Mean. 

Max. 

Min. 

Mean. 

Rain- 

fall. 

Boston,  Mass 

7-50 

9.02 

0. 66 

3- 29 

4- 51 
2.61 

43-63 

58.65 

34-4 

48. 1 

51.6 

56.6 

52.4 

54-8 

38.6 
36.8 

52.2 
31.0 

34-05 

48.68 

30.0 
25.2 

38.4 

45-4 

45-6 

44-5 

32.9 

23.0 

28. 1 

39.20 

53-88 

31-3 

39-9 

45-3 

50.6 
48.9 
49-4 
35-8 

27-7 

38.8 

26 . 7 

45-3 

Sweetwater,  Cal 

0.  25 

1. 51 

Rochester,  N.  Y 

6. 20 

33- 7 
43-7 

51-1 

54-2 

43-1 

45-4 

35-4 

32.6 

34- 2 

45-3 

Middle  Atlantic  States 

South  Atlantic  States 

East  Gulf  States 

West  Gulf  States 

Ohio  Valley  and  Tennessee . . . 
Lower  Lake 

Upper  Lake 

Upper  Mississippi 

Extreme  Northwest 

22. 1 

Yuma,  Ariz 

95-7 

37-5 

San  Diego,  Cal 

Table  No.  22 

EVAPORATION  FROM  WATER  SURFACES,  BY  MONTHS 


Duration 
of  Obser- 
vation. 

Jan. 

Feb. 

Mar. 

April. 

May. 

June. 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Mean 

0.96 

1. 05 

1 .70 

2.97 

4.46 

5-54 

5-98 

5-50 

4.12 

3.16 

2.25 

I-5I 

Roston 

16  years. . 

Maximum  . 

3.12 

5.89 

7.01 

7.50 

7.41 

5. 13 

4-13 

3.00 

Minimum.  . 

2.78 

3-35 

3-94 

4.82 

4-25 

3.08 

2.51 

0.66 

Mean 

2.69 

2.41 

2.86 

4.46 

4.96 

5-41 

6.43 

6.74 

596 

4-77 

4-51 

2.68 

Sweetwater . 

7 years . . 

Maximum  . 

3.6i 

3-53 

3 38 

5.82 

6. 14 

7-30 

8.81 

9.02 

7.36 

6.56 

5.53 

6.28 

Minimum.  . 

1-59 

I-3S 

1 .08 

3.63 

3-45 

319 

316 

3-07 

4.64 

3-00 

3-35 

0.25 

Evaporation  from  water  surfaces  varies  less  than  does  rain- 
fall, the  greatest  variation  from  the  annual  mean  at  Boston  during 
sixteen  years,  for  instance,  being  about  13  per  cent. 
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The  ratio  of  the  mean  monthly  to  the  mean  annual  evap- 
oration at  each  place  is  shown  in  Table  No.  23,  as  well  as  the 


monthly  ratios  for  the  year  of  maximum  evaporation  at  each 
place. 

Table  No.  23 

RATIOS  OF  MONTHLY  TO  MEAN  ANNUAL  EVAPORATION  FROM 
WATER  SURFACES  AT  BOSTON  AND  SWEETWATER 


Jan. 

Feb. 

Mar. 

April. 

May. 

June. 

3 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Boston,  mean  monthly  rate. 

.025 

.027 

■ 043 

. 076 

.114 

. 141 

• 153 

141 

. 105 

. 080 

• 057 

.038 

Sweetwater,  mean  monthly 

rate 

.050 

• 045 

.053 

.083 

. 092 

. 100 

. 120 

• 125 

.III 

.088 

.083 

.050 

Boston,  monthly  rate,  year 

of  max.  evap 

. 022 

. 024 

• 039 

. 069 

.086 

. 161 

. 162 

. 170 

.117 

064 

.051 

.035 

Sweetwater,  monthly  rate. 

year  of  max.  evap 

• 043 

023 

.052 

. 098 

.079 

. 109 

. 148 

. 1 10 

. 105 

. no 

. 080 

■ 043 

These  two  places  represent  almost  the  extremes  of  the 
United  States,  and  the  monthly  ratios  for  almost  any  locality 
will  lie  between  these  as  limits.  It  will  be  noticed  that  the 
ratios  are  much  more  uniform  on  the  Sweetwater  basin  than 
in  Boston,  owing  largely  to  the  more  uniform  temperature 
throughout  the  year;  also  that  in  Boston  the  excessive  evapo- 
ration during  the  year  of  total  maximum  occurred  between 
June  and  September,  and  on  the  Sweetwater  basin  between 
June  and  October — that  is,  during  the  warmest  weather. 
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Evaporation  from  snow  was  found  at  Boston  to  average 
.02  inch  per  day;  and  that  from  ice  .06  inch  per  day.  On  exposed 
mountain  sides  and  tops  it  would  probably  exceed  these  averages. 

Still  more  important  than  the  evaporation  from  water  is 
that  from  soils  of  different  characters;  but  very  few  reliable 
data  on  this  subject  have  been  obtained.  The  amount  of 
water  taken  up  by  vegetation  is  important,  but  on  this  sub- 
ject also  very  little  definite  information  is  available. 

Experiments  at  Rothamsted,  England,  showed  the  annual 
evaporation  from  bare  soil  to  be  17.09  inches  when  the  average 
rainfall  was  31.04  inches;  and  of  the  13.95  inches  percolating 
through  the  soil  9.44  inches  was  collected  between  October  and 
March,  and  4.51  inches  during  the  seven  warmer  months. 
Other  English  experiments  indicated  that  during  October  to 
April  the  evaporation  from  grass  and  earth  averaged  1.3  inches 
a month,  and  during  May  to  September  3.6  inches  a month; 
being  a maximum  in  ]May  and  decreasing  more  or  less  uniformly 
to  a minimum  in  December.  The  Kansas  State  Board  of  Agri- 
culture found  that  grass  and  grains  consume  3.6  to  4.3  inches 
per  month  during  the  growing  season  and  potatoes  about  one- 
fourth  as  much.  Oak  trees  have  been  said  by  certain  investi- 
gators to  consume  about  i inch  a month,  and  fir  trees  0.6  inch 
to  1.2  inches;  but  concerning  the  consumption  by  forests  prac- 
tically nothing  definite  is  known. 

In  the  case  of  thick  coverings  of  grass  or  other  low  vegetation, 
and  forests  with  their  cool  shade  and  leaf  carpet,  there  is  probably 
little  direct  evaporation  from  the  soil,  but  most  of  it  is  from 
the  vegetation  by  transpiration.  This  class  of  evaporation  is 
greatest  during  the  growdng  season;  and  as  direct  evaporation 
increases  with  the  temperature,  and  this  is  highest  during  June, 
July,  and  August,  this  season  sees  the  maximum  total  evapora- 
tion. On  the  other  hand,  not  only  is  direct  evaporation  from 
water  and  soil  and  by  vegetable  transpiration  less  in  the  colder 
months,  but  the  fact  that  the  water  is  covered  with  ice  and  the 
ground  with  snow  or  ice  most  of  the  time  still  further  lessens  the 
evaporation.  Rafter  and  others  therefore  divide  the  year  into 
three  seasons:  Storage  period,  from  December  to  May,  inclu- 
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sive,  during  which  most  of  the  precipitation  runs  off  over  the 
surface,  or  remains  stored  in  the  form  of  snow.  Growing 
period,  from  June  to  August,  when  most  of  the  precipitation  and 
much  of  the  ground  storage  is  evaporated  directly  or  withdrawn 
by  vegetation.  Replenishing  period,  September  to  November, 
during  which  the  ground  storage  is  returned  to  normal  and  the 
direct  surface  run-off  is  greater  than  during  the  growing  period. 
Such  consideration  forms  the  chief  reason  for  beginning  a ‘‘  water 
year  ” on  December  ist;  or,  as  some  do'  on  September  ist. 

Much  of  the  above,  with  its  consideration  of  snow  and  cold 
weather,  refers  to  the  northern  part  of  the  United  States.  Data 
concerning  the  Southern  states  are  few;  but  the  same  general 
principles  would  seem  to  apply.  It  is  possible,  however,  that  for 
Southern  areas  conditions  would  more  closely  be  represented 
by  separating  the  year  into  two  seasons  only,  a growing  season 
and  a replenishing  one. 

Sufficient  figures  have  not  been  and  probably  cannot  be 
secured  to  warrant  a definite  estimate  of  evaporation  directly; 
but  most,  even  of  those  given  above,  were  determined  by  de- 
ducting yield  from  rainfall.  Nevertheless  it  is  the  evaporation 
that  determines  the  yield,  and  not  vice  versa,  and  if  the  yield  is 
to  be  estimated  of  a catchment  area  concerning  which  there  are 
no  records  of  run-off,  the  method  of  rainfall  minus  evaporation 
seems  to  be  the  only  one  available. 

Several  formulas  have  been  de\dsed  for  making  such  an 
estimate.  Each  of  these  seems  to  apply  to  certain  catchment 
areas,  all  similar  in  certain  essential  characteristics;  but  none 
is  reliable  under  all  conditions.  Perhaps  as  reliable  as  any  is 
that  of  Vermeule  (consulting  engineer  of  New  Jersey  State 
Geological  Survey),  but  this  the  author  has  given  as  applying 
only  to  New  Jersey,  and  other  sections  where  temperature,  soil 
and  other  controlling  conditions  are  similar.  His  formula  is 

'E  = (iS-S  + -i6-^)(-oS?’-i-48), 

in  which  E is  the  annual  evaporation  (including  vegetable 
absorption),  R the  annual  rainfall,  and  T the  mean  annual 
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temperature.  The  monthly  evaporation  he  represents  by  the 
following,  in  which  r is  the  monthly  rainfall: 


January. 

February. 

March. 

April. 

[ May. 

1 

June. 

. 27-I-  . lor 

.30+.lor 

.48-I- . lor 

1 

.87-+- . lor 

1 

1 . 87-I- . 2or 

2.5o-l-.25r 

July. 

August. 

September. 

October.  | 

1 

1 November. 

December. 

3.oo+.3or 

2.62+ . 25r 

1.63+.  2or 

.88-1-  1 2r 

.66-|-.ior 

.42-4- . lor 

This  formula  seems  to  give  very  close  results  for  New  Jersey, 
eastern  New  York,  and  eastern  Pennsylvania  streams,  but  is 
inapplicable  to  many  sections.  For  instance,  applying  this  to 
the  basin  of  the  Sweetwater  River,  Cal.,  would  give  an  annual 
evaporation  5 to  15  inches  greater  than  the  rainfall.  The  safest 
rule,  where  direct  measurements  of  the  stream  flow  is  impossible, 
is  to  compare  the  watershed  under  consideration  with  another 
of  known  }deld  and  similar  in  all  or  most  of  its  characteristics, 
including  precipitation;  bearing  in  mind  the  effect  of  variations 
in  elevation,  temperature,  wind,  and  other  conditions  already 
referred  to. 


Art.  34.  Natural  Storage 

There  is  another  factor  of  yield  which  affects  more  the 
periodic  than  the  total  yield,  although  it  has  considerable 
effect  upon  the  latter  also.  This  is  the  storage  in  the  ground 
of  water,  part  of  which  supports  vegetation,  and  part  slowly 
feeds  springs  and  streams;  also  storage  in  ponds  of  surface  flow 
which  is  gradually,  though  more  quickly,  given  to  the  streams. 
A part  of  the  water  so  stored  in  either  ground  or  pond  is  evapo- 
rated; but  a considerable  proportion  of  the  ground  water,  and 
generally  of  the  pond  water  also,  reaches  the  stream.  This 
storage  is  not  only  an  important  factor  in  maintaining  continu- 
ous stream  flow  and  in  supporting  vegetation,  but  it  has,  as 
stated,  some  effect  upon  the  total  yield,  and  is  valuable  also  in 
relieving  the  storage  reservoir  of  a considerable  portion  of  its 
duty.  Where  there  is  little  ground  storage,  as  on  dense  clay 
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land,  there  can  be  little  vegetation,  largel}^  because  the  ground 
contains  no  moisture  to  support  it;  and  since  little  water  soaks 
into  the  ground,  most  of  the  rainfall  runs  immediately  to  the 
stream.  Where  a large  amount  soaks  into  the  ground,  consider- 
able of  this  is  taken  up  by  vegetation  through  its  roots  and  thus 
abstracted  from  the  yield.  We  might  therefore  expect  to  find 
a greater  total  yield  from  a rocky  or  clayey  soil  than  from  a loamy 
or  sandy  one;  although  it  would  be  more  difficult  to  retain  the 
whole  for  use,  owing  to  the  great  quantity  flowing  off  in  a very 
short  length  of  time. 

Not  only  does  ground  storage  develop  vegetation,  but 
vegetation,  by  loosening  the  soil  with  its  roots  and  obstruct- 
ing surface  flow,  develops  ground  storage,  and  hence  it  fol- 
lows, both  as  cause  and  effect,  that  the  yield  from  a wooded  or 
cultivated  soil  is  more  uniform  and  less  “ flashy  ” than  from 
a bare  one. 

The  water  which  percolates  into  a soil  descends  to  a more 
or  less  fluctuating  ground-water  level,  which  is  the  surface  of 
the  stored  water.  This  surface  slopes  in  the  direction  in  which 
the  ground  water  is  moving,  its  elevation  at  any  point  being 
governed  by  that  of  the  outlet  and  by  the  amount  flowing 
(the  greater  the  amount  the  greater  being  the  velocity  of  flow 
and  hence  the  slope),  the  slope  increasing  with  the  fineness 
and  density  of  the  soil  also.  (See  also  Art.  43.)  If  a stratum 
of  impervious  material  Hes  higher  than  the  elevation  at  which 
the  ground-water  surface  would  otherwise  stand,  the  ground 
water  will  flow  above  this,  generally  with  greater  velocity  and 
consequently  furnishing  less  storage  and  more  varying  yield. 

Above  the  ground-water  surface  proper,  some  water  is 
held  in  the  soil  by  capillary  attraction  for  nourishing  plant 
life,  and  in  very  fine-grained  soils  the  amount  thus  retained 
may  be  considerable.  As  evaporation  removes  this  water 
from  the  top  soil,  capillary  attraction  draws  more  from  below, 
to  be  in  turn  evaporated ; but  the  amount  of  water  which  can 
thus  be  raised  decreases  with  the  fall  of  the  ground-water 
surface,  and  thus,  when  the  interval  between  rains  is  long, 
the  upper  soil  becomes  thoroughly  dried.  The  next  rain  must 
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then  renew  this  upper  supply  before  contributing  any  water 
to  the  run-off  storage.  “ If  the  rainfall  is  sufficient  to  supply 
the  evaporation  and  plant  growth,  the  flow  from  ground  water 
will  remain  constant,  because  the  head  which  forces  it  through 
the  rocks  and  gravels  is  constant.  When  the  rain  is  insufficient, 
the  head  will  be  drawn  down  and  the  flow  will  decrease  at  a 
certain  fixed  rate.”  Once  the  draught  upon  the  ground  storage 
is  fairly  established  and  the  water  drawn  down,  unless  the  rain- 
fall is  greater  than  it  usually  is  in  summer  it  is  all  absorbed 
by  the  dried  earth  and  does  not  reach  down  far  enough  to 
increase  the  head  and  consequent  flow  of  ground  water.  “ Rain- 
falls which,  if  occurring  in  May,  or  in  the  autumn  after  the  ground 
water  has  been  replenished,  would  cause  violent  floods,  have  no 
effect  at  all  upon  the  stream  flow  when  they  occur  during  dry 
months.  This  difference  in  effect  cannot  be  ascribed  to  direct 
evaporation,  for  in  the  case  of  concentrated  rainfall  evapora- 
tion has  little  time  to  act.  It  is  due  to  the  drawing  down  of 
ground  water,  which  leaves  a great  capacity  for  absorption  of 
rain  by  the  earth.”  (Vermeule’s  Report  on  “ Water  Supply, 
Geological  Survey  of  New  Jersey.”) 

Precipitation  as  snow,  if  falling  upon  unfrozen  ground, 
may  gradually  turn  to  water  and  soak  into  the  soil,  or  be  melted 
more  or  less  rapidly  by  sun  and  rain,  when  more  or  less  of  it 
will  enter  the  soil.  If  snow  falls  on  frozen  soil,  however,  it 
will  practically  all  run  off  over  the  surface  if  melted  by  a single 
short  rain  or  warm  spell.  Thus  not  only  the  amount  of  snow- 
fall, but  the  previous  condition  of  soil  also,  affects  the  amounts 
of  both  ground  storage  and  direct  run-off. 

If  a heavy  rain  storm  followed  a long  wet  spell  during  which 
the  ground  had  become  saturated,  practically  all  of  it  would  run 
off  over  the  surface.  It  would  thus  all  be  added  to  the  immediate 
yield  (although  in  the  form  of  a flood  which  it  might  be  impos- 
sible to  store),  and  none  to  the  ground  storage.  If  the  balance 
of  the  year  were  dry  we  might  have  a year  with  small  rainfall 
but  an  abnormally  high  yield.  Or  again  if  the  rainfall  were 
light  but  almost  continuous  from  March  to  September,  keeping 
the  ground  surface  soaked  and  vegetation  abundant,  we  might 
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have  with  a high  total  rainfall,  a very  high  evaporation,  giving 
abnormally  low  yield.  It  is  apparent,  therefore,  that  the 
time  of  year  and  successive  rates  and  intensities  of  rainfall 
have  fully  as  much  effect  upon  yield  as  the  total  precipitation 
for  the  year. 

The  absorption  capacity  varies  with-  different  soils,  and 
also  the  amount  of  water  yielded.  A coarse  gravel  will  yield  i 
almost  its  entire  contents,  while  fine  sand  or  clay  will  yield  prac- 
tically none,  retaining  it  all  by  capillary  attraction.  Table 
No.  24,  from  Schubler,  gives  results  obtained  from  various 
soils.  From  this  table  it  would  appear  that,  given  the  same 
conditions  as  to  vegetation,  exposure,  climate,  etc.,  the  evapora-  ; 
tion  from  all  soils  would  be  quite  similar.  i 


Table  No.  24 

CAPACITY  FOR  ABSORPTION  AND  YIELDING  UP  OF  WATER  POSSESSED 
BY  VARIOUS  SOILS.  (fROM  SCRUB LEr) 


Soil. 

Water  Absorbed 
by  100  Parts  of 
Soil  after  Drying 
at  40°  or  50° 
Fahr. 

Percentage  of 
Water  Evapo- 
rated in  4 Hours 
at  56.7°  Fahr. 

Parts  of  Water 
in  100  Parts  of 
Soil  Evaporated 
in  4 Hours  (Soil 
Saturated). 

Siliceous  sand 

25 

88 

22 

Gypseous  soil 

27 

Calcareous  sand 

29 

75-9 

22 

Barren  clay 

40 

52 

21 

Fertile  clay 

SO 

45-7 

23 

Loamy  clay  (or  clayey  soil) . . 

60 

34-9 

21 

Pure  clay 

70 

Fine  calcareous  soil 

85 

28.6 

24 

Humus 

190 

20.  2 

38 

Magnesian  soil 

156 

Garden  soil 

89 

The  least  flow  of  the  Connecticut  river  is  equivalent  to 
about  .05  cubic  foot  per  second  per  square  mile  of  watershed, 
which  is  maintained  during  probably  a month  at  least  of  no 
rainfall  knd  three  months  when  the  rainfall  no  more  than  equals 
the  evaporation  and  requirements  of  vegetation.  The  flow 
must,  during  this  time,  be  maintained  by  the  ground-water 
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Storage,  and  is  equivalent  to  about  1.7  inches  of  water  over  the 
entire  area.  If  the  soil  furnishjng  ground  storage  averages  an 
absorption  capacity  of  33  per  cent,  the  ground-storage  surface 
would  be  lowered  about  5 inches  on  an  average.  But  not  all  the 
ground  furnishes  storage,  and  probably  not  more  than  50  per 
cent  of  that  held  is  yielded  to  the  stream;  also  the  lowering 
increases  with  the  distance  from  the  river;  so  that  in  some 
places  it  may  amount  to  3 feet  or  more. 

In  a fairly  wet  or  rainy  season  the  ground-water  surface 
may  be  raised  5 or  10  feet,  even  reaching  the  surface  in  many 
places  and  producing  ponds  or  swamps. 

Most  storage  reservoirs  have  not  water-tight  shores,  and 
as  the  water  rises  in  the  reservoir  the  ground-water  level  in 
the  vicinity  rises  also,  and  ground  storage  is  obtained  in  addi- 
tion to  that  in  the  reservoir.  When  the  reservoir  water  is  drawn 
down  this  ground  storage  also  is  drawn  upon,  and  more  water  is 
yielded  than  the  capacity  of  the  reservoir. 

Art.  35.  Yield  and  Run-off 

The  yield  of  a given  catchment  area  is  that  part  of  the  total 
rainfall  thereon  that  is  not  used  by  vegetation  or  evaporated, 
either  directly  or  by  vegetable  transpiration.  The  term  run- 
of  should  probably,  strictly  speaking,  be  confined  to  that  which 
runs  off  over  the  surface;  but  this  is  so  inseparable  from  the 
ground  flow  near  the  surface  (the  same  particles  of  water  often 
flowing  first  on  the  surface,  later  through  the  ground,  and  again 
on  the  surface),  that  it  is  generally  used  to  refer  to  all  the  water 
that  reaches  the  stream  or  reservoir  to  which  the  area  drains. 
In  many  cases  a part — generally  a small  percentage — of  the 
ground  storage  enters  strata  of  sandstone  or  other  rock,  or  of 
sand  or  gravel,  that  lie  deeper  than  the  lowest  point  of  the  catch- 
ment area,  and  such  water  may  flow  through  such  strata  and 
reach  the  surface  at  some  distant  point,  some  strata  conducting 
the  water  for  hundreds  of  miles  before  it  finds  an  outlet.  Such 
strata  are  the  sources  from  which  water  is  obtained  by  wells. 
Water  enters  them  slowly  at  points  where  they  outcrop  on  the 
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surface,  most  of  it  probably  from  streams  that  flow  over  them, 
or  from  deposits  of  porous  material  that  overlie  them  and  hold 
water  continuously  in  contact  with  them.  Such  water  is  part 
of  the  yield  but  not  of  the  run-off. 

Rainfall  minus  evaporation  equals  yield,  but  only  when  these 
are  totaled  for  long  periods.  The  equation  is  seldom  true  for 
monthly  or  even  for  yearly  records,  since  it  fails  to  consider 
the  varying  amount  of  water  held  in  storage  in  the  ground. 
The  average  run-off  for  a series  of  years  is  of  only  minor  impor- 
tance imless  storage  is  available  for  holding  the  entire  surplus 
of  the  longest  series  of  wet  years  and  supplying  it  during  the 
succeeding  dry  ones — which  is  seldom  if  ever  possible.  What 
is  more  essential  is  ability  to  forecast  what  will  be  the  minimum 
run-off  for  a month,  a year,  or  a series  of  years;  also  what  will  be 
the  maximum  run-off  in  any  minute,  five-minute,  or  sixty- 
minute  period.  The  latter  is  essential  in  designing  spillways, 
flumes,  etc.,  the  former  in  determining  the  amount  of  water  avail- 
able unfailingly  for  use  and  the  amount  of  storage  necessary  or 
practicable. 

Knowledge  of  the  conditions  that  affect  run-off  is  important 
to  make  possible  both  an  approximate  estimate  of  it  directly 
from  consideration  of  such  conditions,  and  also  selection  of 
an  area  of  known  run-off  where  the  conditions  most  influencing 
run-off  are  practically  the  same.  Both  methods  should  be 
employed  for  estimating  the  run-off  from  the  area  in  question, 
the  latter  being  given  more  weight  if  the  similarity  of  such  con- 
ditions warrant.  The  affecting  conditions  may  be  briefly  sum- 
marized as  follows: 

The  total  annual  precipitation,  how  much  is  rain  and  how 
much  snow,  its  distribution  throughout  the  year,  and  whether 
it  comes  as  frequent  light  rainfalls  or  as  occasional  heavy  storms. 

The  temperature  by  months  and  seasons,  whether  or  not  high 
temperatures  occur  during  times  of  greatest  precipitation  (thus 
increasing  evaporation),  whether  the  winter  temperatures  favor 
the  long  retention  or  rapid  melting  of  snow  and  ice,  and  whether 
the  ground  is  apt  to  be  frozen  at  the  time  of  the  spring  rains. 

Whether  the  area  lies  in  the  path  of  storms,  and  whether  its 
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greater  axis  lies  parallel  or  at  right  angles  to  such  path.  (These 
affect  the  amount  of  precipitation.) 

The  rate  of  inclination  of  the  drainage  area  surface,  and 
whether  it  is  smooth  or  rugged,  whether  the  area  is  large  or  small, 
long  and  narrow  or  short  and  broad.  (These  affect  the  rate  of 
concentration  of  the  run-off  into  the  stream  or  reservoirs.) 

Whether  the  surface  is  bare  or  covered  with  vegetation,  and 
the  nature  of  such  vegetation,  and  whether  the  soil  is  kept  porous 
by  cultivation.  (These  affect  chiefly  the  evaporation,  both 
direct  and  by  transpiration.) 

Direction  and  intensity  of  prevailing  winds.  (These  affect 
evaporation.) 

Geology  of  the  area,  whether  the  soil  be  porous  or  impervious, 
whether  the  porous  deposits  be  shallow  or  deep,  level  or  inclined, 
and  whether  the  outlets  of  the  water  they  receive  are  in  the  area 
in  question,  are  below  a proposed  dam  site  in  that  valley,  or  are 
outside  of  it  altogether.  (These  affect  ground  storage  and  the 
amount  thereof  that  is  recoverable.) 

The  existence  of  lakes,  swamps  or  other  surface  storage 
agencies.  (These  produce  more  uniform  run-off,  also  increase 
evaporation.) 

It  is  evident  that,  with  all  these  variables  to  modify  it, 
catchment  areas  will  show  wide  divergences  in  their  amounts 
of  run-off,  either  total  or  per  acre.  A common  method  is  to 
estimate  the  annual  run-off  as  a percentage  of  the  annual  rain- 
fall. In  a given  section  of  the  country  and  where  topographical 
conditions  are  similar,  there  will  often  be  a fair  uniformity  in  this 
percentage;  for  instance,  in  the  eastern  parts  of  Massachusetts, 
New  York,  and  New  Jersey,  the  averages  range  from  about 
45  to  55  por  cent;  but  even  here  some  areas  will  fall  to  40  and 
others  rise  to  60  or  more.  In  the  Southwest  the  percentage 
may  be  as  low  as  10  or  15  per  cent.  Table  No.  25  gives  the 
average  percentages  for  several  streams;  it  also  shows  the  small 
percentages  of  run-off  during  the  growing  season,  and  that 
during  some  spring  months  the  run-off  is  regularly  greater  than 
the  rainfall.  On  the  Sudbury  the  annual  yield  has  varied  from 
31.9  to  62.2  per  cent  of  the  precipitation.  “ The  percentages 
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depend  upon  the  distribution  of  rainfall  throughout  the  year. 
A heavy  summer  rainfall  and  a light  winter  rainfall  mean  a small 
percentage  of  collection;  and,  conversely,  a light  summer  and  a 


Fig.  20. — Per  Cent  of  Rainfall  Collected  in  1875-1899  on  the  Sudbury  and  Croton 

Watersheds. 

(By  X.  H.  Goodnough;  Journal  N.E.W.W.  Ass’n,  1915. 

heavy  winter  rainfall  mean  a large  percentage  of  collection; 
so  that  the  total  rainfall  for  the  year  is  but  a partial  index  to  the 
yield  of  a watershed.”  It  may  be  said  that,  for  systems  which 


Fig.  21a. — ’Precipitation  and  Percentage  Collected;  Sudbury  Watershed. 


depend  upon  storage,  it  is  not  the  summer  droughts  which  are 
to  be  dreaded,  but  the  winter  and  spring  droughts;  for  it  is  the 
flow  in  these  months  upon  which  we  depend  to  fill  the  reser- 
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voirs/’  (Desmond  FitzGerald,  in  Transactions  of  American 
Society  of  Civil  Engineers,  Vol.  XXVII.) 

In  California  the  percentage  of  rainfall  collected  annually 
may  vary  from  nothing  when  the  rainfall  is  less  than  20  inches. 


PERCENTAG'S 
and  inches 

OF  RAINFALL 


Fig.  2ih. — Precipitation  and  Percentage  Collected;  Sweetwater  Basin. 

tQ  60  per  cent  in  years  of  heavy  rainfall,  averaging  not  far  from 
30  per  cent.  In  Southern  California  the  average  for  seven  years 
was  10.6  per  cent. 

The  following  table  shows  the  maximum  and  minimum 
yield  for  two  watersheds: 


Table  No.  26 


MAXIMUM,  MINIMUM,  AND  MEAN  YIELD/  CONNECTICUT  AND 
POTOMAC  WATERSHEDS 


c 

Feb. 

Mar. 

April. 

May. 

June. 

July. 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Connecticut  river,  13  yrs. 
Rainfall,  inches  depth 

3-27 

3-10 

3.94 

3-26 

317 

4.00 

4-79 

4.87 

3-04 

3-93 

3-93 

3-39 

Max.  yield,  inches  depth .... 

5-70 

4.06 

5.64 

7.61 

6.54 

3-11 

2.32 

2.52 

2.24 

2.81 

3-60 

4-93 

Min.  yield,  inches  depth 

0.72 

0.77 

0.90 

2.61 

1.90 

0.79 

0.69 

0.70 

0.66 

0.71 

0.67 

0.72 

Mean  yield,  inches  depth 

1.93 

2.04 

300 

4-73 

4.19 

1.46 

1.02 

1 .06 

0.89 

1 .11 

1.76 

2.06 

Mean  percentage  yielded .... 

591 

65.8 

76.3 

1450 

132.2 

36.5 

21.3 

21.8 

29-3 

28.3 

44.8 

60.7 

Potomac  river,  6 years. 
Rainfall,  inches  depth 

3-21 

3-35 

4-39 

348 

5-II 

5-25 

4 89 

3-8i 

3.86 

2.65 

2.88 

2.59 

Max.  yield,  sec.  ft.  per  sq.  mi. 

14.00 

iS-8i 

17.10 

20.87 

18.60 

42.88 

19-36 

5-94 

.63 

14-50 

15-25 

9.48 

Min.  3deld,  sec.  ft.  per  sq.  mi. 

0.24 

0.22 

0.25 

0.2s 

0.23 

0.25 

0.2s 

0.27 

.27 

0.27 

0.27 

0.27 

Mean  yield,  sec.  ft.  per  sq.  mi. 

1. 81 

3.22 

3-14 

31S 

2.04 

1-75 

0.87 

0.67 

0.9s 

1.07 

1 .61 

I 15 

Mean  percentage  yielded .... 

65.2 

98.5 

84.9 

104. 1 

44-7 

38.2 

23.1 

21.3 

25-0 

40. 5 

54-3 

72.3 
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From  examples  of  such  wide  variation  it  is  evident  that 
the  use  of  a mean  percentage  of  the  rainfall  for  estimating 
the  run-off  will  give  only  very  approximate  results;  particu- 
larly since  the  lowest  percentages  usually  occur  during  the 
years  of  minimum  precipitation.  (See  Figs.  20  and  21.) 

Run-off  is  sometimes  expressed  in  cubic  feet  per  second 
per  square  mile,  as  in  Tables  Nos.  26,  27,  and  28.  Since  run- 
off is  a product  of  the  rainfall  and  the  percentage  of  this  reach- 
ing the  streams,  both  of  which  are  variables,  the  records  of  stream 
flow  might  be  expected  to  show  greater  variation  than  either  of 
these,  which  is  seen  to  be  the  case. 

Table  No.  27 


RUN-OFF  FROM  SEVERAL  DRAINAGE  BASINS 


Watershed. 

Length  of 
Observa- 
tion, 
Years. 

Area, 

Sq.  Mi. 

Run-off, 

Cu.  Ft.  per 
Sq.  Mi. 

Sec.  per 

Max. 

Min. 

Mean. 

Subdury 

16 

75A99 

44.26 

0.04 

1.669 

Connecticut 

15 

10,234 

20 . 00 

1.86 

Croton 

14 

375 

70.83 

0. 14 

1-55 

Perkiomen 

7 

152 

69. 20 

0.05 

1.90 

Raritan 

I 

879 

27.00 

0.14 

1.72 

Passaic 

17 

773 

24.80 

0.17 

2.58 

Potomac 

6 

11,043 

42.60 

0.17 

1.85 

Savannah 

8 

7,294 

41.2 

0.  27 

1 . 64 

Ohio 

I 

200,500 

6. 17 

0.  27 

2. 10 

Missouri 

12 

526,500 

8.52 

0.60 

2. 16 

Arkansas 

5 

3,060 

1-55 

0.06 

0.  27 

Rio  Grande 

3 

30,000 

0.55 

0.00 

0.06 

Gila 

I 

13,750 

0.46 

0.00 

0.04 

West  Carson 

2 

70 

18.34 

0.50 

2.39 

Sevier  (Utah) 

3 

5,595 

0.42 

0. 01 

0.09 

That  the  run-off  per  square  mile  from  two  watersheds 
should  be  the  same,  it  would  be  necessary  that  they  be  similar 
in  all  the  conditions  given  above  as  affecting  this.  Two  adjacent 
watersheds  may  differ  greatly  in  some  of  these  conditions,  and 
hence  in  yield.  For  instance,  we  find  the  proportion  of  rainfall 
yielded  by  three  Pennsylvania  watersheds  within  a few  miles  of 
each  other  to  vary  as  51.6,  48.7,  and  59.6  (Table  No.  25),  or  a 
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difference  of  22  per  cent  between  extremes.  Two  adjacent 
Massachusetts  watersheds  varied  in  percentage  of  yield  by 
12  per  cent,  or  as  49.5  and  43.8.  In  central  California  the  mean 
yield  is  not  far  from  30  per  cent  of  the  precipitation,  while  in  the 
southern  part  of  the  same  state  the  mean  for  seven  years  was 
but  10.6  per  cent. 


Table  No.  28 

RATIO  OF  MONTHLY  TO  MEAN  RUN-OFF 


Jan. 

Feb. 

Mar. 

April. 

May. 

June. 

July. 

Aug. 

Sept. 

Oct. 

> 

0 

Dec. 

Mean 

Monthly 

Run-off. 

Mean  of  3 New 
England  water- 
sheds for  13  yrs. 
cu.  ft.  per  sec. 
per  sq.  mile. . . . 

1.866 

3.042 

3-555 

2.533 

I -518 

0.772 

0-374 

0.569 

0.528 

0.838 

1 . 278 

1-703 

1-539 

Ratio  of  monthly 
to  mean 

1 . 20 

1-97 

2.31 

1.65 

0.98 

0.50 

0.24 

0.36 

0.34 

0.54 

0.83 

1 . 10 

Boston,  for  20  yrs. 
ratio  of  monthly 
to  mean 

I. IS 

1.80 

2.68 

1. 91 

1 . 10 

0.46 

0.17 

1 

0.28 

0.23 

0.47 

0.81 

0.94 

1.644 

Although  these  data  show  a great  variation  in  percentage 
of  rainfall  yielded  in  different  parts  of  the  country,  and  in 
different  years  on  the  same  watershed,  the  average  yield  in  a 
given  section  of  country  is  fairly  uniform.  For  instance,  in 
the  New  England  and  Central  Atlantic  states  the  yield  gener- 
ally averages  from  44  to  60  per  cent  of  the  precipitation  (this 
paragraph  refers  to  yearly  totals  only),  and  the  extreme  varia- 
tion in  any  one  place  is  about  25  per  cent  of  its  mean,  so  that  the 
use  of  the  average  rainfall  and  average  percentage  yielded  would 
very  probably  give  a result  in  error  not  more  than  30  or  40  per 
cent.  Again,  if  we  compare  the  second-feet  per  square  mile, 
we  find  in  the  same  locality  a mean  yield  of  about  1.6  second-feet 
with  a maximum  variation  from  this  of  about  40  to  50  per  cent. 
By  using  judgment  in  selecting  for  comparison  a watershed  with 
characteristics  similar  to  the  one  in  question,  the  probable 
error  may  be  reduced  in  many  cases  to  10  or  15  per  cent.  Below 
this  it  is  hardly  practicable  to  go,  except  by  obtaining  long- 
period  records  of  yield  of  the  area  in  question. 
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Where  no  watershed  with  similar  conditions  can  be  found, 
the  decision  must  be  a more  or  less  arbitrary  one,  based  upon 
information  obtained  from  the  oldest  inhabitants,  observed 
stream-channels  and  ponds,  the  location  of  the  place  with 
reference  to  the  coast,  sea  level,  mountain  ranges,  etc.,  the 
character  of  soil  and  topography,  and  the  vegetation. 

The  measured  yield  of  the  area  in  question  for  a long  series 
of  years  forms  of  course  the  most  reliable  basis  of  estimate; 
the  next  is  the  known  yield  of  similar  areas  in  the  same  dis- 
trict; and  from  precipitation,  either  gaged  at  the  locality 
in  question  or  estimated  from  the  district  rate,  the  yield  may 
be  estimated  either  as  a certain  percentage  of  this,  or  by  de- 
ducting the  probable  evaporation  according  to  Vermeule’s 
rule  for  the  Eastern  states,  or  a similar  one  formulated  for  the 
locality  in  question.  In  fact,  it  is  desirable  to  estimate  by  each 
of  these  methods  and  compare  results,  giving  them  relative  weight 
in  the  above  general  order. 

With  reference  to  yield  throughout  the  United  States  the 
general  statement  is  made  in  the  U.  S.  Weather  Bureau  Reports 
that  “ for  the  area  of  the  United  States  east  of  the  95th  merid- 
ian (Omaha  and  Galveston)  the  run-off  is  from  35  to  50  per  cent 
of  the  total  rainfall.  It  appears  to  be  largest  in  the  vicinity 
of  the  Great  Lakes,  and  to  diminish  from  this  region  slowly  to 
the  south  and  east,  and  rapidly  towards  the  west.  In  the  lower 
peninsula  of  Michigan,  for  instance,  the  run-off  is  50  per  cent 
of  the  total  rainfall.  Along  the  Gulf  coast  it  appears  to  be  only 
from  30  to  40  per  cent,  and  along  the  Atlantic  coast  it  probably 
varies  from  30  to  50  per  cent.  In  general,  for  the  interior 
states  east  of  the  95  th  meridian  the  run-off  is  between  40  and 
50  per  cent  of  the  total  rainfall. 

“ As  soon  as  we  cross  the  95  th  meridian  westward  we  find 
a very  sharp  fall  in  the  percentage  of  run-off  to  the  total  rain- 
fall. For  the  band  extending  north  and  south  between  the 
95th  and  105th  meridians  this  percentage  varies  from  10  to 
25  per  cent,  and  over  Iowa  is  about  33  per  cent.  The  percentage 
is  highest  at  the  northern  end  of  the  band  indicated,  and  lowest 
at  the  southern  end.  Going  still  farther  westward  we  come 
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to  another  very  marked  area,  that  of  the  Continnetal  Divide; 
here  the  percentage  of  run-off  suddenly  increases,  reaching 
the  highest  figure  to  be  found  in  the  United  States.  From 
Montana  to  Colorado  it  varies  from  6o  to  70  per  cent  of  the 
total  rainfall.  In  New  Mexico  it  falls  to  about  33  per  cent. 
This  is  evidently  on  account  of  the  easy  flow  of  water  from  the 
mountain  ranges  in  the  area  in  question.  West  of  the  Divide 
the  run-off  is  again  small,  being  only  15  or  20  per  cent  in  Arizona 
and  Nevada,  about  30  per  cent  in  Idaho,  and  nearly  50  per 
cent  in  Utah.  Utah,  it  seems  from  its  topography,  partakes 
of  the  character  of  the  band  lying  just  to  the  east  of  it.  Along 
the  Pacific  coast  the  run-off  is  about  25  per  cent  in  Oregon, 
30  per  cent  in  Washington,  and  between  45  and  50  per  cent  in 
California  ” (the  no  them  part  only). 

The  above  is  a very  general  statement,  and,  particularly 
in  the  far  West,  is  subject  to  many  variations  and  exceptions, 
some  of  which  are  recorded  in  the  preceding  tables. 

(It  may  be  convenient  to  remember  as  an  approximation 
that  the  average  yield  of  New  England  watersheds  in  general 
ranges  between  300,000  and  600,000  gallons  per  day  per  square 
mile.) 

The  apparent  non-uniformity  of  the  data  relating  to  yield 
has  been  emphasized,  not  because  such  data  or  the  methods 
of  using  them  should  not  be  made  a basis  for  estimating,  but 
to  call  attention  to  the  fact  that  the  estimates  cannot  be  expected 
to  give  more  than  approximate  results.  When  the  data  are 
meager  or  unreliable,  any  works  based  upon  them  should  be 
more  or  less  tentative  in  design  and  construction,  and  capable 
of  being  modified  as  the  developing  conditions  require. 

The  data  required  for  estimating  yield  will  be  found  in 
the  annual  Reports  on  Hydrography  of  the  U.  S.  Geological 
Survey,  the  Meteorological  Reports  of  the  Weather  Bureau, 
reports  of  the  Geological  Surveys  of  several  states,  of  the  Depart- 
ments of  Agriculture  of  several  Western  states,  and  the  reports 
of  the  water-works  departments  of  various  cities. 
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Art.  36.  Run-off  from  Storms 

If  a storage  reservoir  is  to  retain  all  the  yield  of  a given 
area  it  must  be  sufficiently  large  to  hold  the  entire  run-off 
from  the  heaviest  downpours,  over  and  above  what  may  be 
already  stored  in  it  during  the  wettest  years.  Probably  no 
reservoir  has  been  constructed  to  do  this,  and  the  overflow 
must  therefore  be  capable  of  passing  the  maximum  storm 
run-off.  It  is  hence  necessary  to  know  what  the  maximum 
rate  of  run-off  from  the  heaviest  storms  will  be.  The  maxi- 
mum run-off  from  large  drainage  areas  in  the  North  frequently 
occurs,  not  from  the  maximum  precipitation,  but  from  a heavy 
warm  rain  falling  upon  a ground  covered  with  considerable 
snow — the  spring  freshets.  At  this  time  about  4 to  8 inches 
of  snow  is  equivalent  to  i inch  of  water.  Hence  2 feet  of 
snow  carried  off  in  twenty-four  hours  by  a rain  would  add 
to  the  run-off  the  equivalent  of  3 to  6 inches  of  additional 
rainfall  running  off  in  that  time,  or  of  | to  | inch  per  hour 
additional  to  the  actual  precipitation,  if  all  of  the  latter  be  con- 
sidered to  run  off.  Probably  the  addition  for  snow  of  | to  J 
inch  per  hour  to  the  run-off  from  the  rainfall  will  be  sufficient 
for  most  cases.  If  the  surface  under  the  snow  be  frozen,  90  per 
cent  or  more  of  the  rainfall  may  be  yielded  in  addition  to  this. 

The  maximum  rates  of  rainfall  generally  last  for  five  to 
fifteen  minutes  only.  Assuming  a velocity  of  flow  over  the 
surface  of  2 feet  per  second  and  in  the  stream  of  4 feet  (although 
this  may  reach  8 feet  per  second),  with  1000  feet  of  watershed 
above  the  head  of  the  creek,  at  the  end  of  fifteen  minutes  of 
maximum  rainfall  the  first  rain  falling  at  the  head  of  the  basin 
would  have  traveled  2600  feet,  and  at  all  points  above  its 
position  at  that  time  the  run-off  would  be  that  due  to  the  max- 
imum rate  of  rainfall.  But  at  all  points  more  than  2600  feet 
from  the  basin  head,  the  run-off  from  only  the  nearer  part  of 
the  basin  would  be  at  that  rate,  the  upper  part  contributing 
to  the  flow  at  a rate  due  to  the  rainfall  previous  to  the  beginning 
of  the  maximum.  Thus,  at  3800  feet  from  the  basin  head  the 
flow  would  be  that  due  to  a rainfall  for  a certain  five  minutes 
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on  the  upper  600  feet  of  basin,  for  the  next  five  minutes  on  the 
next  lower  800  feet  of  basin,  for  the  next  five  minutes  on  the  next 
lower  1200  feet,  and  for  the  last  five  minutes  on  the  nearest 
1200  feet  of  basin.  At  any  point  in  the  run-off  channel  the 
maximum  flow  will  be  approximately  the  product  of  area  of 
shed  above  such  point,  the  maximum  average  rate  of  precipita- 
tion for  the  time  consumed  by  the  run-off  in  flowing  to  this  point 
from  the  most  distant  point  of  the  basin,  and  the  proportion  of 
rainfall  running  off.  The  determination  requires  a knowledge 
or  assumption  of  the  proportion  of  rain  yielded  as  surface  flow, 
and  the  velocity  of  flow  of  the  maximum  run-off.  No  close 
approximation  to  this  latter  can  be  made  except  from  actual 
observation  on  each  watershed.  The  run-off  from  heavy 
downpours  of  short  duration  may  be  60  to  70  per  cent  on  steep 
clay  or  stony  hillsides,  and  even  90  per  cent  or  more  on  rocky 
or  frozen  ground;  while  for  flat  slopes  of  loose  soil  30  per  cent 
may  be  the  maximum  amount. 

It  is  evident  that  the  larger  the  drainage  area  the  less  will 
be  the  rate  of  precipitation  used  and  hence  the  rate  of  run-off 
per  square  mile.  Distance  is  as  large  a factor  of  this  rate  as 
is  area.  From  a small  drainage  basin  10,000  feet  long,  with 
a maximum  velocity  of  run-off  of  2 feet  per  second,  the  length 
of  time  for  which  the  maximum  rate  of  rainfall  is  to  be  co^ 
sidered  is  5000  seconds,  or  i hour  23J  minutes.  At  Mt.  Carr 
on  July  2,  1897,  5.03  inches  fell  in  ij  hours.  Assuming  this  r 
maximum  rate  and  50  per  cent  running  off,  we  have  a run 
of  1.68  cubic  feet  per  second  per  acre,  or  1075  square  mi. 
This  rate  of  precipitation — 3.36  inches  per  hour — can  probably 
be  considered  a maximum  for  the  New  England  and  North 
Atlantic  states. 

Several  empirical  formulas  have  been  devised  to  express 
the  maximum  rate  of  run-off  from  a given  area.  A few  of  these 


are: 

Fanning’s  formula Q = 20oT/'« ; 

M 

Dredge’s  formula Q = 1300— ; 

Col.  Dickens’  formula Q = CM^) 
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in  which  ()  = cubic  feet  per  second  yielded  from  the  whole  area; 

M = area  of  watershed  in  square  miles; 

L = length  of  watershed  in  miles; 

C = 2oo  in  flat  country,  250  in  mixed  country,  300  in 
hilly  country,  for  a rainfall  of  3.5  to  4 inches; 
or  300  to  350  for  a 6-inch  rainfall. 

In  the  example  on  the  previous  page,  if  the  watershed  con- 
tain 3 square  miles,  being  1.9  miles  long,  the  maximum  rate  of 
run-off  as  calculated  by  the  above  formulas  would  be: 

By  Fanning,  Q=  500  cubic  feet  per  second; 

Dredge,  6 = 2550 

Dickens,  Q = 684 

above  solution,  ^ = 3225 

As  the  size  of  the  drainage  area  increases  and  the  rate 
of  precipitation  used  consequently  decreases,  these  formulas 
will  give  quantities  more  nearly  approaching  those  obtained 
by  the  above  analytical  method,  and  when  an  area  20  or  25 
miles  in  length  is  involved,  that  of  Fanning  and  the  analytical 
method  would  give  approximately  similar  results.  But  for 
small  areas  the  above  formulas  will  generally  give  unsafe  results, 
and  the  method  outlined  is  recommended  for  designing  waste- 
weirs.  (Several  serious  wash-outs  and  destructions  of  dams 
have  resulted  from  the  designing  of  waste-weirs  or  spillways 
by  use  of  the  above  formulas.) 

Art.  37.  Storage 

In  Art.  29  was  given  an  illustration  of  the  reason  for  storage 
and  the  amount  required  for  private  use.  The  reason  is  the  same 
for  storing  public  supplies,  but  the  amouilt  stored  is  of  course 
vastly  larger,  and  the  length  of  drought  provided  for  is  usually 
longer.  The  storage  reservoirs  for  the  San  Francisco  water 
supply  have  a united  capacity  equal  to  the  total  consumption 
for  three  years.  In  the  East  two-thirds  this  capacity  or  less  would 
be  considered  sufficient,  however,  the  annual  precipitation  being 
more  uniform. 

A measurement  of  the  drainage  area  having  been  obtained, 
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and  a decision  formed  as  to  the  probable  average,  minimum 
and  maximum  yield,  by  both  year  and  cycle,  and  the  con- 
sumption to  be  provided  for  being  determined,  a calculation 
of  the  storage  required  can  be  made.  If  the  minimum  annual 
yield  is  equal  to  or  greater  than  the  desired  consumption, 
storage  for  only  the  dry  season  of  one  year  of  drought  is  required ; 
if  the  minimum  daily  yield  equals  the  maximum  daily  consump- 
tion, no  storage  is  required;  but  if  the  assumed  consumption  is 
nearly  or  quite  equal  to  the  mean  yield,  all  the  surplus  from  the 
years  of  greatest  rainfall  must  be  stored  and  carried  until  times 
of  drought.  In  many  cases  it  may  be  advisable  to  construct  a 
reservoir  in  such  a location  or  of  such  capacity  that  it  is  capable 
of  tiding  over  one  dry  season  only,  if  this  be  ample  for  the  con- 
sumption for  a few  years  to  come;  and  when  the  capacity  of  the 
reservoir  is  almost  reached  by  the  consumption,  a reservoir  of 
larger  capacity  may  be  built,  and  better  adapted  to  the  water- 
shed in  question  because  based  on  data  meantime  collected, 
the  interest  on  the  additional  sum  which  a larger  original  reser- 
voir would  have  cost  being  saved  during  this  period. 

In  making  the  calculation  for  storage,  evaporation  from 
the  reservoir  must  be  considered,  and  may  be  added  to  the 
consumption.  It  is  of  course  proportional  to  the  area  of  water 
surface  in  the  reservoir,  and  for  the  preliminary  calculation  this 
area  must  be  assumed.  For  average  conditions  in  the  New 
England  and  Middle  Atlantic  states  the  maximum  reservoir 
required  would  have  a capacity  150  to  175  per  cent  of  the  mean 
annual  yield.  An  inspection  of  the  yield  for  a series  of  years  at 
any  location  will  give  the  approximate  capacity  required  to  per- 
mit the  consumption  to  equal  the  average  yield.  This  capacity 
divided  by  the  average  depth  of  reservoir  will  give  its  area. 
About  one-tenth  that  of  the  drainage  area  may  be  considered  a 
maximum  which  will  rarely  be  exceeded;  and  one- twentieth  may 
be  taken  as  an  ordinary  maximum.  The  amount  of  evaporation 
in  cubic  feet  will  be  this  area  times  the  rate  of  evaporation, 
both  expressed  in  feet.  The  annual  rate  of  evaporation  east 
of  the  Mississippi  probably  never  exceeds  the  mean  rate  by  more 
than  10  or  15  per  cent,  although  in  the  Western  states  it  may  by 
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30  or  35  per  cent.  (See  Table  No.  21.)  To  be  on  the  safe  side, 
the  maximum  annual  rate  may  be  used,  and  apportioned  to  the 
months  if  monthly  yield  and  consumption  are  to  be  used  in  the 
estimate. 

On  the  Sudbury  basin  the  mean  evaporation  from  water 
in  inches  of  depth  was  171  per  cent  of  the  mean  yield  in  inches 
from  the  entire  catchment  area.  Assuming  the  reservoir  area 
as  -To  the  watershed,  we  would  have  the  loss  from  it  by  evapora- 
tion about  8.5  per  cent  of  the  yield;  and  since  the  size  of  the 
reservoir  will  vary  with  the  consumption,  which  cannot  exceed 
the  mean  yield,  we  may  assume  with  little  error  that  the  evapora- 
tion loss  from  similarly  located  reservoirs  will  not  exceed  8 to 
10  per  cent  of  the  consumption. 

There  will  be  some  loss  from  a reservoir  due  to  seepage 
through  the  dam.  Seepage  into  the  ground  above  the  dam  may 
be  considered  as  additional  storage;  for,  although  a part  of  this 
may  be  absorbed  by  vegetation,  the  proportion  will  probably  be 
little  if  any  greater  than  would  have  been  the  loss  by  evaporation 
had  it  remained  in  the  reservoir.  Through  a masonry  dam  there 
will  be  a little  loss,  but  it  should  be  inappreciable.  Through  an 
earthen  embankment,  however,  the  loss  may  be  considerable. 
The  amount  so  lost  will  depend  upon  the  character  of  this  em- 
bankment, which  should  be  so  constructed  that  the  daily  seepage 
shall  not  be  more  than  10  gallons  per  square  foot  of  vertical 
longitudinal  section  of  embankment.  If  the  reservoir  be  ten 
times  as  long  as  the  length  of  the  dam,  and  this  length  be  100 
times  the  average  height  of  the  dam,  this  would  give  a daily 
loss  by  seepage  of  .01  gallon  per  square  foot  of  reservoir  area, 
or  3.65  gallons  per  square  foot  yearly,  or  say  6 inches;  or  about 
about  1.3  per  cent  of  the  yield.  (These  figures  are  for  New  Eng- 
land only.)  With  good  materials  and  workmanship  the  seepage 
may  be  reduced  to  5 or  even  3 gallons  per  vertical  square  foot 
of  embankment. 

Evaporation  and  seepage  combined  may  be  assumed  as  not 
exceeding  10  per  cent  of  the  consumption  for  the  New  England 
and  Middle  Atlantic  states,  which  will  be  a safe  figure  for  use 
when  accurate  data  are  not  obtainable.  The  run-ofi  should 
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be  decreased  by  this  percentage,  or  one  similarly  obtained, 
in  estimating  storage  and  available  run-off.  For  example,  to 
estimate  the  maximum  consumption  available  from  the  Sud- 
bury catchment  area:  we  have  a mean  yield  of  30,003,580,000 
gallons  per  annum  or  82,000,200  gallons  per  day.  Allowing 
10  per  cent  for  loss  as  above,  we  have  27,276,000,000  gallons 
per  annum  or  74,727,000  gallons  per  day  as  the  maximum 
available  supply. 

A convenient  method  of  calculating  the  storage  required 
on  a given  catchment  area  of  known  or  assumed  yield,  to  meet 
different  rates  of  consumption,  is  the  graphical  or  “ mass 
diagram  ” one,  the  cumulative  yield  from  the  beginning  of  a 
dry  period  to  the  end  of  each  month  in  succession  being  plotted 
on  the  ordinate  of  that  month.  Such  a method  is  shown  in 
Fig.  22,  using  a cycle  of  the  dryest  eleven  years  on  the  Sudbury 
watershed,  viz.,  1878-88.  (See  Fig.  20.)  The  wavy  line  is  the 
curve  of  cumulative  yield,  plotted  from  the  records.  (From  this 
curve  the  greater  yield  in  each  winter  and  spring  is  very  appar- 
ent.) A straight  line  FF'  is  drawn  at  an  angle  representing 
30,000,000,000  gallons  per  year  (the  mean  yield,  also  the  assumed 
consumption  plus  loss  by  evaporation  and  seepage),  and  so 
located  as  to  be  tangent  to  the  curve  and  nowhere  intersecting 
it.  The  vertical  distance  between  FF'  and  the  curve  at  any  point 
represents  the  amount  which  must  be  in  the  storage  reservoir 
at  that  time  if  the  assumed  amount  of  consumption  is  to  be  con- 
tinuously furnished.  Thus  it  appears  that  at  the  beginning  of 
this  eleven-year  cycle  the  reservoir  must  contain  about  37,000,- 
000,000  gallons  or  more  than  one  year’s  consumption;  and 
that  the  capacity  of  the  reservoir  must  be  at  least  56,500,000,000 
gallons,  being  full  during  the  spring  of  1879.  After  this  the 
reservoir  becomes  less  and  less  full  until  November,  1885,  when 
it  becomes  empty,  but  after  which  time  the  precipitation  is 
sufficient  for  the  consumption.  An  inspection  of  the  sixteen- 
year  curve.  Fig.  20,  shows  that  the  supply  required  in  the  reser- 
voir on  January  i,  1878,  would  not  have  been  provided  by  the 
yield  of  the  three  previous  years,  but  might  have  been  accumulat- 
ing for  several  years  back. 
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If  we  assume  the  reservoir  empty *on  January  i,  1878,  we 
draw  a straight  line  from  C tangent  to  the  curve  and  cutting 
it  nowhere.  This  line  is  shown  by  CAC',  representing  by  its 
angle  of  slope  24,500,000,000  gallons  annually,  or  about 
67,000,000  gallons  per  day;  less  10  per  cent  loss  by  evaporation 
and  seepage  gives  61,000,000  gallons  per  day  available.  We 


see  by  AC'  that  this  rate  is  more  than  provided  by  the  yield 
after  January  i,  1884.  We  also  see  that  the  maximum  storage 
required  is  27,000,000,000  gallons,  and  the  reservoir  would  again 
be  full  and  wasting  water  in  April  of  1887  and  all  through 
the  spring  of  1888.  It  is  of  course  not  advisable  ever  to  permit 
the  reservoir  to  become  entirely  empty,  and  a storage  of  at  least 
30,000,000,000  gallons  should  be  provided  in  this  case,  and 
double  this  amount  in  the  former  one. 
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If  but  10,000,000,000  gallons  storage  is  provided,  what  will 
be  the  maximum  uniform  rate  of  consumption  made  possible? 
Place  one  end  of  a thread  at  the  deepest  loop  in  the  curve, 
A,  and  swing  it  towards  the  left  until  the  greatest  vertical 
distance  between  the  thread  and  any  point  of  the  curve  above 
it  is  10,000,000,000  gallons — as  the  line  AB.  As  a check, 
continue  this  line  towards  the  right  end  of  the  curve  making 
BAB'  a straight  line.  No  part  of  AB'  should  come  above  the 
right  half  of  the  curve;  and  if  it  does,  either  A is  not  at  the  period 
of  greatest  drought,  or  the  storage  is  unnecessarily  large.  The 
rate  represented  by  AB  is  about  17,600,000,000  gallons  per  year, 
or  a consumption  of  43,800,000  gallons  per  day. 

This  curve  may  also  be  used  for  finding  the  total,  and  mean 
rate  of,  yield  for  any  length  of  time.  Thus,  from  March,  1878 
(£),  to  December,  1882  (D),  inclusive,  the  total  yield  was  138,700 
— 14,700,  or  124,000,000,000  gallons;  and  the  mean  rate,  repre- 
sented by  the  angle  of  the  line  DE,  was  25,700,000,000  gallons 
per  annum. 

This  method  is  sufficiently  accurate  for  all  practical  pur- 
poses, except  that  allowance  is  not  made  for  the  variations  in 
monthly  consumption  and  evaporation.  An  approximate  deter- 
mination may,  however,  be  made  by  diagram,  and  more  accurate 
figures  obtained  by  calculation,  as  follows: 

Taking  the  case  of  a reservoir  with  10,000,000,000  gallons 
capacity  (see  table  on  opposite  page),  we  see  that  the  first 
storage  begins  in  the  middle  of  January,  1882,  and  we  may 
begin  our  table  there.  Quantities  are  in  millions  of  gallons. 

The  monthly  yield  in  this  was  taken  from  the  record  (Trans. 
Am.  Soc.  C.  E.,  Vol.  XXVII.  page  276);  the  consumption  is 
found  by  dividing  17,600  million  gallons  by  i.io  (10  per  cent 
for  loss  from  reservoir),  and  the  quotient  by  12  for  the  monthly 
mean  consumption;  the  rate  for  each  month  being  the  prod- 
uct of  this  by  the  percentage  given  in  Table  No.  5.  The  loss 
by  percolation  is  taken  as  per  cent  of  the  mean  consumption. 
And  the  evaporation  is  found  by  multiplying  8|  per  cent  of  the 
mean  consumption  by  the  factors  in  Table  No.  23,  the  sum  of 
these  losses  and  the  consumption  being  given  in  the  third  column. 
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I 

Month. 

2 

Amount 
of  Yield, 
Mil.  Gals. 

3 

Consump- 
tion and 
Loss. 

4 

Surplus 

Added 

to 

Reservoir. 

5 

Deficiency 

Supplied 

from 

Reservoir. 

6 

Amount 

in 

Reservoir 
at  End  of 
Month. 

January,  1882  (15  days). 

1446 

607.3 

838.7 

838.7 

February 

5060 

1257-7 

3802.3 

4641 . 0 

March 

6618 

1239-3 

5378.7 

10019. 7 

April 

1957 

1324-9 

632.1 

10000 

May 

3011 

1483 . 6 

1527-4 

10000 

June 

1193 

1 748 . 0 

555-0 

9445  - 0 

July 

201 

1844.2 

1643.2 

7801.8 

August 

129 

1748.0 

1619.0 

6182.8 

September 

691 

1631.9 

940.9 

5241.9 

October 

697.7 

1477-3 

779-6 

4462.3 

November 

472.3 

1350.3 

878.0 

3584  3 

December 

733-6 

1299-5 

565-9 

3018.4 

January,  1883 

780.5 

1214.7 

434-2 

2584.2 

February 

2174.4 

1257.7 

916.7 

3500.9 

March 

3755-0  . 

1239-3 

2515-7 

6016.6 

April 

3044-5 

1324-9 

1719.6 

7736.2 

May 

2185.3 

1483.6 

701.7 

8437-9 

June 

676.9 

1748.0 

1071 . I 

7366.8 

July 

268.9 

1844. 2 

1575-3 

5791-5 

August 

183.1 

1748.0 

1564-9 

4226.6 

September. . 

205.9 

1631.9 

1426.0 

2800.6 

October 

433-2 

1477-3 

1044. I 

1756.5 

November 

461.7 

1350.3 

888.6 

867.9 

December 

451 -I 

1299.5 

848.4 

19-5 

January,  1884 

2319.9 

1214.7 

1105. 2 

1124.7 

February 

6197.3 

1257.7 

4939-6 

6064.3 

March 

8824.3 

1239.3 

7585 . 0 

10000 

April 

6437-3 

1324-9 

5112.4 

1 

10000 

It  is  seen  that  by  December  31,  1883,  the  reserve  is  reduced 
to  19.5  million  gallons,  but  is  quickly  brought  up  to  the  limit 
of  the  reservoir  by  the  spring  run-off. 

Another  method  of  making  this  calculation  is  to  correct 
the  monthly  yield  of  the  catchment  area  for  the  greater  or  less 
yield  of  the  ponds  or  other  water-surfaces  thereon,  including 
the  reservoir,  and  to  consider  only  the  consumption  as  being 
deducted  from  the  reservoir.  For  this  purpose  the  area  of 
water  surfaces  relative  to  that  of  the  entire  catchment  area 
must  be  known,  and  also  the  yield  of  land  surfaces.  To  the  land- 
surface  yield  over  the  entire  area  (assuming  seepage  from  ponds 
to  contribute  as  much  as  percolation  from  rainfall  on  an  equal 
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area)  is  added  the  net  yield  or  loss  of  each  month  from  the  water 
areas. 

The  ponds  and  other  bodies  of  water  on  the  drainage  area 
evaporate  more  water  than  do  the  earth.  In  New  England 
the  monthly  rainfall  minus  monthly  evaporation  on  a water 
surface  averages  as  follows,  in  inches  of  depth: 


Jan. 

Feb. 

Mar. 

Apr. 

May. 

June. 

July. 

1 

Aug. 

1 

Sept. 

Oct. 

Nov. 

Dec. 

Year. 

2.79 

2.87 

2.50 

0.31 

-1.09 

1 

— 2 . 29 

-I  .91 

— 1 . 10 

-0.79 

1 1.09 

1 

1.67 

1 .91 

5 96 

It  appears  from  this  that  during  May  to  September  the 
evaporation  from  a pond  is  greater  than  the  rainfall  upon  it; 
and  that  during  an  average  year  the  excess  of  rain,  or  yield, 
is  about  6 inches  only.  In  some  sections  of  the  country  the 
evaporation  is  ten  times  the  rainfall;  and  at  Yuma,  Ariz.,  it 
is  thirty  times;  but  these  sections  are  limited  in  area. 

Art.  38.  Quality  of  Surface  Waters 

The  most  dangerous  impurities  to  be  found  in  surface- 
water  are  those  due  to  pathogenic  bacteria,  which  are  ordinarily, 
if  not  invariably,  derived  from  human  excreta;  and  a water- 
shed should  be  carefully  examined  for  and  guarded  against  such 
contamination.  No  surface  privies  or  overflowing  cesspools 
should  be  permitted.  Deep,  tight  cesspools  at  a distance  from 
any  stream,  and  from  any  well  (since  the  health  of  occupants 
of  the  watershed  is  very  important  to  the  consumers),  should 
be  compulsory  for  any  scattered  occupants;  and  the  use  of  night- 
soil  as  fertilizers  should  not  be  permitted  within  such  drainage 
area.  If  there  is  a village  or  any  considerable  congregation  of 
houses  on  the  watershed,  these  should  be  provided  with  sewers, 
and  the  sewage  either  so  treated  that  no  germs  can  reach  the 
reservoir,  or  else  discharged  beyond  the  drainage  area  or  below 
all  impounding  reservoirs.  This  is  very  important,  since  many 
an  epidemic  of  typhoid  fever  has  been  traced  to  a single  case 
upon  a watershed.  Epidemics  of  considerable  violence  have  been 
due  to  the  depositing  upon  the  snow  of  the  excreta  of  a typhoid 
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patient,  which  were  washed  into  the  reservoir  with  the  spring 
rains. 

It  is  generally  in  the  spring  that  the  greatest  amount  of 
impurity  is  found  in  surface  water,  when  that  absorbed  by  snow 
from  the  air  and  ground  (which  absorption  is  continued  while  the 
snow  lies)  is  added  to  that  of  the  rainfall,  and  all  passes  over 
the  frozen  ground  without  any  of  the  purihcation  effected  by 
underground  flow. 

Surface  water,  when  stored  in  reseiA^oirs,  is  subject  to  cer- 
tain changes,  most  of  them  advantageous  but  some  other- 
wise. ^luch  of  the  matter  in  suspension  is  here  deposited 
if  the  reservoir  be  of  such  size  that  there  are  no  considerable 
currents.  Together  with  the  coarser  matter,  many  bacteria 
may  be  carried  dowm,  probably  not  on  account  of  their  wxight 
but  because  their  food-matter  is  settling  to  the  bottom.  At 
Oberlin,  0.,  for  example,  the  number  of  bacteria  w^as  found 
to  be  reduced  from  2000  per  cubic  centimeter  in  a 15,000,000- 
gallon  reseiAW  to  426  in  the  effluent.  In  the  Chestnut  HiU 
reservoir  (Boston)  the  average  number  of  bacteria  found  at  the 
surface,  middle,  and  bottom  w^re  77,  246,  and  319  respectively; 
the  surface  w^ater  at  no  time  containing  more  than  one  half 
the  number  found  at  the  bottom.  The  benefit  of  sedimentation 
to  a w'ater  supply  is  illustrated  by  the  t}phoid-fever  epidemics 
at  Philadelphia  in  1891  to  1899,  wfflere  the  highest  mortality 
w^as  almost  invariably  found  wfflere  w^ater  w’as  pumped  directly 
to  the  consumers,  and  the  low^est  wfflere  the  capacity  of  the  reser- 
voir relative  to  the  consumption  w'as  greatest. 

Waters  entering  a reservoir  from  soils  of  different  charac- 
ter, and  as  both  surface  and  ground  flow^,  will  possess  different 
characteristics.  These  w^aters  largely  intermingle,  the  more 
polluted  being  diluted  by  the  purer,  and  to  a certain  degree 
chemical  combinations  resulting.  For  instance,  the  ammonia 
of  a polluted  w^ater  may  be  oxidized  into  nitrates  by  the  free 
oxygen  in  a purer  w'ater;  or  ferrous  oxide,  by  a similar  addi- 
tion of  oxygen,  may  become  insoluble  ferric  oxide  and  settle 
to  the  bottom. 

In  addition  to  these  processes,  continual  changes  are  being 
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effected  by  the  living  organisms  in  the  water,  both  vegetable 
and  animal.  (Practically  all  reservoirs  and  lakes  contain 
microscopic  organisms  in  considerable  numbers.)  The  former 
consume  only  the  mineral  matters  in  the  water,  both  those  orig- 
inally so  and  those  resulting  from  the  decomposition  of  organic 
matter  (except  that  bacteria  decompose  organic  matter  also); 
the  animal  organisms  subsist  upon  the  organized  matter,  in- 
cluding other  living  animal  and  vegetable  organisms.  The 
lower  organisms  have  by  far  the  greater  power  of  multiplication, 
and  may  increase  more  rapidly  than  the  higher  organisms,  for 
which  they  serve  as  food,  can  devour  them  and  their  death 
and  decomposition  result  in  a pollution  of  the  water.  As  a 
familiar  illustration,  a considerable  increase  in  mineral  matter 
suitable  for  plant-food,  or  in  the  nitrogen  resulting  from  the 
decomposition  of  organic  matter,  may  suddenly  cause  the 
presence  of  vast  numbers  of  algae,  which,  not  being  accom- 
panied by  a similarly  rapid  increase  in  animal  organisms  which 
would  consume  them,  cause  gross  pollution  of  the  water. 

‘‘  Swamps  are  breeding  places  for  many  of  the  organisms  that 
cause  trouble  in  water  supplies,  and  numerous  instances  might 
be  cited  where  organisms  have  developed  in  a swamp  and  have 
been  washed  down  into  a storage  reservoir,  rendering  the  water 
there  almost  unfit  for  use.”  (Whipple  “ Microscopy  of  Drink- 
ing Water.”)  The  color  of  water  in  swamps  is  often  300  and 
sometimes  even  500  to  700  platinum  scale,  and  even  a small 
percentage  of  swamp  land  on  a catchment  area  may  affect  the 
color  of  the  entire  supply.  Because  of  these  effects  of  swamps, 
any  which  may  be  upon  the  area  should  be  drained  or  filled  in. 
By  lowering  the  water  level  in  swampy  land  and  constructing 
drains  around  it  so  that  clear  water  from  above  may  not  pass 
across  it  on  its  way  to  the  reservoir,  a great  improvement  can 
often  be  made  in  a supply. 

If  a reservoir,  or  portions  of  a reservoir,  be  shallow,  organic 
matter  at  the  bottom  is  likely  to  putrefy  and  the  products  of 
decay  to  support  the  growth  of  organisms,  particularly  the  blue- 
green  algae.  Organic  matter  in  shallow  water  may. also  cause 
the  growth  of  aquatic  plants,  which,  may  injure  the  quality  of 
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the  water  directly  by  their  decay,  or  indirectly  by  harboring 
microscopic  organisms. 

Organic  matter  in  the  form  of  trees  and  bushes  should  be  re- 
moved from  the  bottom  of  a reservoir  before  it  is  flooded;  and 
weeds  should  not  only  be  all  removed  before  the  original  filling, 
but  should  be  cut  (and  removed  or  burned)  from  any  shores  ex- 
posed by  low  water  before  the  water  rises  again  and  covers  and 
kills  them.  The  trees,  bushes,  and  weeds  should  be  cut  off  close 
to  the  ground.  The  shores  should  be  graded  if  necessary  so  as  to 
leave  no  shallow  places,  or  depressions  in  which  pools  of  w^ater 
will  stand  when  the  reservoir  water  is  lowered. 

Some  have  advocated  removing  the  top  foot  or  two  of  soil 
also,  since  this  contains  roots  and  other  organic  matter.  But 
Allen  Hazen  and  Geo.  W.  Fuller,  in  a report  in  1907  on  the  prop- 
osition to  so  strip  the  Ashokan  and  Kensico  reservoirs  of  the  New 
York  water  supply,  advised  as  follows: 

1.  The  stripping  of  the  sides  and  bottom  of  a resen^oir  wall  ordinarily  prevent 
stagnation  of  the  bottom  layers  for  a period  of  years,  the  length  of  which  depends 
upon  various  local  conditions.  In  the  Boston  reserv’oir  this  period  does  not 
seem  to  exceed  ten  to  twenty  years. 

2.  Ultimately,  it  makes  comparatively  little  difference  as  to  stagnation  of 
the  bottom  layers  whether  the  sides  and  bottom  of  a reser\'oir  are  stripped  or  not. 

3.  By  aeration  and  filtration  of  the  bottom  water  of  deep  reser\"oirs  there 
can  be  obtained  a better  quality  of  water  mthout  the  benefit  of  stripping,  than 
it  is  possible  to  obtain  mth  the  aid  of  stripping  in  the  absence  of  aeration  and 
filtration. 

4.  Decolorization  and  purification  are  facilitated  by  the  absence  of  stripping 
due  to  bacterial  agencies  which  make  some  of  the  iron  in  the  soil  available  as 
a coagulant. 

5.  In  \iew  of  the  above  and  as  aeration  and  filtration  viU  ultimately  be 
required  in  order  to  obtain  satisfactory^  results  in  this  climate,  present  e\ddence 
and  experience  indicate  that  beyond  grubbing  a reservoir  it  is  unwise  to  spend 
money  for  further  removing  organic  matter  from  the  bottom  and  the  sides. 

WTiile  water  stands  in  a reservoir,  the  top  surface  becomes 
heated  in  summer  and  cooled  in  winter  more  than  do  the  lower 
strata.  Wind  stirs  the  water  to  a depth  of  5 to  20  feet,  and 
causes  it  to  be  warmed  somewhat-  to  this  depth  in  summer, 
although  the  warmer  water,  being  lighter  than  the  cold,  remains 
always  near  the  top.  In  winter  the  cooler  surface  water  settles 
to  the  bottom,  and  the  temperature  thus  becomes  more  nearly 
uniform,  the  bottom  being  generally  somewhat  the  warmer. 
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The  following  table  gives  the  average  temperature  of  the 
surface  of  several  ponds  and  reservoirs  in  Massachusetts,  and 
of  the  air  at  the  same  time,  by  months : 

Table  No.  29 

TEMPERATURE  OF  PONDS  AND  RESERVOIRS  IN  MASSACHUSETTS 

(degrees  Fahr.) 


Jan. 

Feb. 

Mar. 

Apr. 

May. 

June. 

July. 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Surface  of 
water 

32 . 0 

32.0 

36.7 

44-3 

57-7 

67.9 

73.7 

72.  9 

66.9 

55-2 

44.1 

36.1 

Bottom 

39-2 

39.2 

38.5 

42.5 

43.5 

43.5 

43.5 

43.5 

43.5 

43.5 

440 

40.0 

Air 

24.  I 

25.8 

32 . 2 

43-9 

56.3 

66.0 

71.4 

68.6 

60.8 

50.1 

39.0 

28.5 

The  higher  temperature  of  the  water  is  due  to  the  sun  (the 
air  temperature  being  taken  in  the  shade)  and  the  longer  reten- 
tion of  heat  by  water  than  by  air.  There  were  few  variations 
from  these  average  temperatures  of  more  than  to  5°,  the 
shallow  ponds  being  generally  the  warmer. 

Table  No.  30  gives  the  temperature  of  Jamaica  Pond 
(Boston)  and  Lake  Cochi tuate  at  different  depths,  showing  the 
variations  referred  to  above. 


Table  No.  30 

TEMPERATURE  OF  LAKES  AT  DIFFERENT  DEPTHS 
(Mass.  State  Bd.  of  Health.) 

Jamaica  Pond,  July  14. 


Depth 

Surface 

10' 

20' 

30' 

35' 

40' 

47' 

Temperature  of  water 

75-4 

75 

54 

42.4 

42 

42 

41-3 

Percentage  of  dissolved  oxygen 

100 

(Satu 

100 

rated) 

49 

29.47 

4.18 

0 

0 

Lake  Cochituate,  August  17. 


Depth 

Surface. 

10' 

20' 

30' 

40' 

45' 

50' 

57' 

Temperature  of  water 

74-7 

66.4 

53-6 

49-3 

48.2 

48.2 

45-7 

44-8 

Percentage  of  dissolved  oxygen 

7915 

83.69 

35.86 

21.33 

20.93 

1.65 

0 

0 

In  summer  the  only  motion  in  the  water  of  lakes  and 
reservoirs,  aside  from  an  inappreciable  current,  is  that  due  to 
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the  wind.  If  the  bodies  of  water  are  large  and  exposed,  this 
agitation  may  extend  to  a depth  of  lo  or  even  20  feet,  where 
the  water  attains  this  depth;  but  if  the  body  of  water  be  small 
or  shut  in  by  woods  there  may  be  little  of  such  effect  felt.  By 
this  circulation  oxygen  is  carried  down  by  the  surface  water  to 
the  lower  strata.  It  is  found  that  all  water  below  that  which 
is  so  stirred  up  forms  a comparatively  stagnant  layer.  Since 
much  of  the  organic  matter  in  the  water  settles  to  the  bottom, 
this  often  becomes  very  foul  and  all  of  the  free  oxygen  here  is 
utilized  in  nitrifying  such  matter.  In  Table  No.  30  this  is 
illustrated  by  data  from  two  reservoirs;  the  upper  10  or  15  feet 
being  stirred  up  by  wind  continually  absorbs  fresh  oxygen,  while 
retaining  little  organic  matter  to  consume  it;  but  the  bottom 
15  or  20  feet,  containing  much  organic  matter,  is  very  low  in 
oxygen.  This  fact  is  also  illustrated  in  Table  No.  31,  by  the 
difference  in  amount  of  organic  matter,  as  represented  by  free 
ammonia,  in  the  surface  and  bottom  waters  of  several  reser- 
voirs and  lakes. 


Table  No.  31 

DEPOSITS  OF  ORGANIC  MATTER,  AS  FREE  AMMONIA,  AT  THE  SUR- 
FACE AND  BOTTOM  OF  DIFFERENT  BODIES  OF  WATER 


Location. 

Date. 

Depth 

of 

Water. 

Depth 

of 

Deepest 

Sample. 

Free  A 

Surface. 

MMONIA. 

Near 

Bottom. 

Jamaica  Pond,  Mass 

Aug.  14 

57 

50 

0 . 0000 

0.4720 

Waban  Lake,  Mass 

Aug.  27 

36 

35 

0.0012 

0. 1760 

Lake  Cochituate,  Mass 

Sept.  18 

65 

60 

0 . 0004 

0.0680 

Wenham  Lake,  Mass 

July  24 

46 

45 

0 . 0000 

0.0560 

Boston  Reservoir  No.  4 

Aug.  31 

46 

40 

0 . 0000 

0.0012 

Lake  Winnepesaukee,  N.  H. . . . 

Aug.  28 

no 

0 . 0000 

0 . 0000 

This  table  also  shows,  by  the  last  two  illustrations,  that 
the  stagnant  layer  is  not  necessarily  foul,  but  only  when  organic 
matter ’is  present  in  the  water. 

“ As  the  surface-water  cools  in  the  autumn  and  becomes 
heavier  than  the  water  below  the  surface,  vertical  currents  are 
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produced  which  extend  down  to  and  somewhat  beyond  the 
depth  where  the  water  is  at  the  same  temperature  as  at  the 
surface.  These  currents  are  nearly  continuous  and  extend 
deeper  and  deeper  as  the  season  advances,  until  some  time  in 
November,  when  they  extend  to  the  bottom  of  the  pond.  After 
they  have  reached  the  bottom  they  continue  to  keep  the  water 
in  motion  for  several  weeks  until  the  whole  of  the  water  in  the 
pond  has  reached  the  temperature  of  maximum  density.’’  “ In 
a lake  with  any  considerable  amount  of  organic  matter  in  it  and 
also  in  deep  artificial  storage  reservoirs,  where  the  surface  has 
not  been  stripped,  the  lower  layers,  which  are  quiescent  during 
the  stagnation  period,  gradually  collect  all  the  organic  matter 
from  the  upper  layers,  and  decay  goes  on  until  the  oxygen  is 
used  up.  The  water  becomes  darker  and  darker,  until  by  October 
it  is  very  yellow,  and  generally  has  a disagreeable  smell.  Of 
course,  when  the  great  overturning  comes,  in  November,  all  this 
bad  water  is  brought  to  the  surface,  and  the  infusoria  and  diatom.s 
begin  to  grow  in  enormous  numbers,  because  the  organic  matter 
and  oxygen  are  brought  together  and  provide  food  for  organic 
life.  The  same  phenomenon  takes  place  in  the  spring  period 
of*  circulation,  although  on  a smaller  scale.”  (FitzGerald  on 
the  “ Temperature  of  Lakes,”  Trans.  Am.  Soc.  C.E.,  Vol. 
XXXIV.) 

In  Fig.  23  are  shown  the  t}q)ical  winter  and  summer  tem- 
peratures of  a lake  that  freezes. 

The  above  explains  the  sudden  presence  in  water  supplies 
of  unpleasant  tastes  due  to  algae,  as  stated  in  Art.  9. 

If  the  water-supply  be  drawn  from  the  surface  of  a reser- 
voir from  May  to  September,  the  purest  water  will  thus  be 
obtained.  If  now,  just  before  the  overturn,  the  bottom  layer 
of  impure  water  be  drawn  off  through  a waste  pipe,  much  of 
the  fouling  of  the  reservoir  will  be  avoided.  If  neither  the  water 
nor  the  bottom  of  the  lake  or  reservoir  contain  organic  matter 
or  nitrogen,  all  this  trouble  is  of  course  avoided. 

If  much  unoxidized  organic  matter  remain  in  a reservoir 
when  this  is  frozen  over,  and  the  access  of  additional  oxygen 
to  the  water  from  the  air  is  thus  shut  off,  putrefaction  may 
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take  place  with  its  resulting  gases;  but  this  can  happen  only 
when  the  water  is  more  impure  than  any  supply  should  be. 

Ice  is  not  an  important  source  of  supply  in  this  country, 
although  it  is  in  some  extreme  northern  ones,  and  in  certain 
localities  in  the  Alps.  A comparatively  small  amount  is  used 
in  ice  water,  however,  and  for  this  reason  its  purity  is  of  im- 
portance. Impure  ice  is  as  dangerous  as  impure  water,  and  is 
more  commonly  found  in  use  as  a beverage;  some  families 
using  melted  ice  in  summer  as  their  principal  drinking-water, 
which  ice  may  have  been  obtained  from  a highly  polluted 


Temperatures  Fahr. 

Surface32°  3.5°  40°  45°  .50°  .5.5°  60°  65°  70° 

5 

10 

tow 

Wj 

15 

tow 

I20 

•S25 

*-s 

Iso 

0 

T' 

rPICAL  TE 

MPERATU 

RE  CURVE 

S 

« a5 

6 

IN  LAK 

E THAT  FF 

REEZES 

40 

slM 

mm 

45 

tei 

.50 

Fig.  23. — Temperature  of  a Lake  that  Freezes. 
(From  Trans.  Am.  Soc.  C.E.,  Vol.  XXXIV.) 


pond.  The  popular  idea  that  water  is  purified  in  freezing  is 
partially  true,  but  much  of  both  organic  and  inorganic  impurity 
frequently  remains  in  the  ice.  When  water  is  frozen  slowly, 
however,  much  of  the  impurity  is  excluded  and  is  taken  up  by 
the  remaining  water,  which  thus  becomes  more  impure.  Hence 
the  most  impure  ice  is  that  frozen  last,  and  is  generally  found 
at  the  bottom,  if  from  a shallow  pond,  or  at  the  center  of  arti- 
ficially frozen  cakes.  From  deep  ponds,  however,  the  under 
side  of  the  ice  is  purest,  because  the  slight  increase  in  impurity 
of  the  lower  water  caused  by  the  freezing  of  the  surface  is  more 
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than  offset  by  the  greater  percentage  of  purification  effected  by 
the  slower  freezing  of  the  under  ice.  -When  ice  is  flooded, 
all  the  impurities  in  the  flooding  water  must  be  contained  in 
the  ice.  This  refers  to  bacteria  as  well  as  to  other  impuri- 
ties. Dr.  Prudden  found  in  ice  which  had  been  frozen  for  eleven 
days  1,019,403  bacteria  per  cubic  centimeter;  in  that  frozen 
seventy-seven  days,  72,930;  and  in  that  frozen  one  hundred 
and  three  days,  7348  per  cubic  centimeter.  He  also  found 
from  50  to  200  times  as  many  bacteria  in  snow-  or  bubbly-ice 
as  in  clear,  transparent  ice  free  from  air. 


CHAPTER  VIII 


RIVERS  AND  LAKES 

Art.  39.  Quantity  of  River  Water 

Surface  water  is  generally  collected  as  well  up  toward 
the  head  of  a stream  as  possible,  both  because  the  greatest 
fall  is  thus  obtained  to  the  point  of  utilization,  and  because 
here  are  more  frequently  found  the  best  locations  for  reser- 
voirs and  dams.  This  source  of  supply  is  most  applicable  to 
hilly  or  mountainous  country,  whose  watersheds  are  sparsely 
occupied — conditions  generally  associated  with  a poor  and 
thin  soil  or  slopes  too  steep  to  be  cultivated. 

In  the  lower  lands  there  are  few  locations  for  reservoirs, 
and  pumping  must  generally  be  resorted  to;  moreover  the 
streams  here  are  usually  of  sufficient  size  to  furnish  an  ample 
supply  even  in  dry  times.  The  water  is  therefore  taken  directly 
from  the  stream,  and  no  storage  is  required,  although  it  may 
be  desirable  for  permitting  sedimentation. 

The  quantity  of  water  flowing  in  a river  is  that  reaching 
it  by  surface  or  underground  flow  from  all  the  drainage  areas 
above  on  all  its  branches,  less  what  may  have  been  removed 
by  evaporation,  by  seepage,  and  by  man  for  irrigation  and 
other  purposes.  A part  of  the  flow  may  in  some  cases  be 
underground,  beneath  and  near  the  bed  of  the  river. 

The  yield  to  the  river  will  be  the  total  yield  of  the  drainage 
areas  of  all  its  tributaries,  the  estimating  of  which  has  already 
been  discussed  under  the  head  of  surface  water.  The  seepage 
may  vary  from  almost  nothing  to  the  entire  volume  of  flow, 
depending  upon  the  character  of  soil,  amount  and  character  of 
sediment  carried  by  the  stream,  and  height  of  ground  water. 
In  a clay  or  rock  channel  the  seepage  will  be  very  small.  In 
a sandy  soil  it  may  be  great;  but  if  loamy  or  clayey  matter 
is  carried  to  the  stream  by  heavy  rains,  this  will  gradually  be 
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deposited  as  sediment  upon  the  bottom  and  form  a nearly 
impervious  channel. 

If  the  ground  water  stands  level  with  or  above  the  river 
surface,  there  will  be  no  loss  by  seepage,  but  rather  a gain. 
Such  ground  water,  however,  must  be  derived  from  the  drain- 
age area  of  the  stream,  and  hence  be  included  in  the  general 
calculation  of  yield.  This  ground  water  will  usually  flow 
slowly  both  towards  the  river  and  down  its  valley. 

In  many  Western  rivers  the  flow  is  in  places  altogether 
beneath  the  surface  during  a large  part  of  the  year,  the  river 
bed  being  dry  except  during  rainy  seasons.  At  certain  points 
in  the  courses  of  many  of  these  rivers,  rock  or  clay  outcrops 
through  the  porous  soil,  and  here  the  water  is  forced  to  the 
surface  and  flows  in  the  channel,  to  disappear  again  further 
on  where  the  impervious  stratum  again  dips  beneath  the  sur- 
face. Several  of  these  rivers  have  no  visible  outlet,  but  simply 
disappear  into  the  ground,  from  which  the  water  is  absorbed 
by  vegetation  and  evaporated.  A few  rivers  flow  for  a part 
of  their  course  through  underground  caverns,  generally  in 
limestone. 

The  underground  flow  of  a river  can  either  be  utilized  as 
ground  water  (see  Chapter  IX) , or  in  some  cases  can  be  inter- 
cepted by  a dam  carried  down  to  the  impervious  stratum  and 
across  the  channel  of  pervious  soil  which  affords  it  passage. 
Such  a dam,  which  causes  the  porous  soil  above  to  act  as  a 
storage  reservoir,  was  built  across  Pacoima  creek.  Cal.,  the 
channel  in  bed-rock  being  at  this  place  but  550  feet  wide  and 
filled  with  gravel  to  a depth  of  40  feet. 

An  estimate  of  the  quantity  of  water  flowing  in  a river  at 
various  seasons  can  be  made  by  deducting  from  the  rainfall  upon 
its  entire  catchment  area  the  evaporation  from  the  same  area 
both  from  earth  (including  plant  consumption)  and  from  water 
surfaces;  or  by  other  methods  of  estimating  yield  referred  to 
in  Art.  35.  But  the  only  accurate  method  is  by  direct  measure- 
ment, and  this  is  of  greater  value  the  longer  the  series  of  years 
it  covers.  Variations  in  river  flow  are  illustrated  in  Tables 
Nos.  26  and  27,  and  it  is  here  seen  that  the  maximum  may  be 
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500  times  the  minimum,  and  the  latter  but  5 to  10  per  cent  of 
the  mean  annual  flow.  If  this  minimum  amount  is  not  more 
than  the  consumption,  an  additional  source  must  be  obtained; 
or  means  provided  for  storing  the  river  water,  either  by  a dam 
in  the  river  itself,  or  by  a storage  reservoir  into  which  the  water 
is  pumped.  The  latter  is  generally  preferable,  but  frequently  the 
more  expensive  of  the  two. 

Art.  40.  Quality  of  River  Water 

The  quality  of  rain  water  when  it  reaches  a stream  has 
already  been  considered,  but  there  are  many  changes  in  it 
continually  taking  place  after  this.  As  in  the  case  of  reser- 
voirs, mineral  and  other  impurities  carried  in  suspension  are 
deposited  as  the  current  velocity  becomes  less,  but  more  slowly 
in  rivers  because  of  the  greater  motion  in  the  water.  The 
stratification  found  in  reservoirs  and  lakes  does  not  exist  in 
rivers,  the  current  keeping  the  water  in  constant  circulation. 
For  the  same  reason  the  temperature  of  rivers  is  more  uniform 
at  different  depths,  although  varying  more  from  month  to  month, 
the  variation  being  between  32°  and  80°  in  seven  Massachusetts 
rivers.  Also  more  oxygen  is  generally  available  for  nitrifica- 
tion in  a river  than  in  a lake  or  reservoir,  since  all  parts  of  the 
water  are  in  turn  brought  in  contact  with  the  air. 

In  spite  of  these  means  of  purification,  however,  the  water 
of  a river  is  generally  less  pure  than  that  of  the  run-off  contribu- 
ting to  it,  owing  to  the  impurities  reaching  it  from  the  various 
farms  and  communities  past  which  it  flows.  The  most  dangerous 
of  these  is  sewage  contamination,  although  that  from  slaughter- 
houses and  rendering  establishments  is  fully  as  offensive  and  is 
far  from  being  harmless.  Waste  waters  from  dye-works  and 
numerous  other  manufacturing  industries  may  render  a water 
totally  unfit  to  drink.  A minor  source  of  impurity,  although  it 
may  become  an  important  one,  is  the  waste  from  passenger- 
steamers  and  other  boats. 

The  pollution  from  manufacturing  establishments  may 
consist  of  almost  any  acids,  alkalis,  or  organic  matters.  A 
carpet,  blanket,  and  cloth  mill  on  the  Schuylkill  river  used 
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daily,  a few  years  ago,  48,700  pounds  of  organic  matter  in  18 
different  forms;  2520  pounds  of  21  different  acids;  and  950 
pounds  of  6 different  alkalis.  Brass  works  discharge  con- 
siderable sulphate  of  copper,  cyanide  of  potash,  and  oils.  The 
principal  waste  from  iron  works  is  sulphate  of  iron;  from  paper 
mills  come  filaments  of  jute,  cotton,  and  other  organic  matters, 
caustic  soda,  chloride  of  lime,  and  sulphite;  from  woollen 
factories  the  washing  of  the  wool  produces  large  amounts  of 
organic  wastes,  and  soda,  alkalis,  logwood,  fustic,  madder, 
copperas,  potash,  alum,  blue  vitrol,  muriate  of  tin,  and  other 
dye  wastes  are  found  in  the  waste  waters.  This  list  might  be 
continued  indefinitely;  but  the  appearance  of  most  rivers  receiving 
such  wastes  is  evidence  of  the  seriousness  of  the  contamination. 

The  following  table  gives  an  analysis  of  the  Passaic  river, 
showing  gross  pollution  due  partly  to  manufacturing  wastes, 
but  even  more  to  sewage  pollution;  and  also  an  analysis  of 
the  relatively  pure  Hudson,  although  this  receives  the  sewage 
of  several  cities  and  towns  above  Albany. 

Table  No.  32 


ANALYSES  OF  PASSAIC  AND  HUDSON  RIVER  WATER 


Ammonia. 

Chlorine. 

Nitrogen  as 

Total  Solids. 

Loss  on  Ignition. 

Mineral  Matter. 

Oxygen  Required. 

Free. 

Albumin. 

Nitrates. 

Nitrites. 

Passaic,  below ' Passaic 
Falls 

.02947 

.0422 

.0087 

.8116 

• 35 

• 0342 
trace 

.00296 

.000 

10.856 

7-3 

3.831 

3-5 

7.02s 

3.8 

• 5694 
.376 

Hudson,  above  Albany . . 

.0030 

Although  there  is  considerable  movement  of  river  water, 
both  vertically  and  across  the  stream,  still  the  greater  part 
of  the  suspended  material  transported,  together  with  the  bac- 
teria, is  found  near  the  bottom;  also  an  impure  stream  entering 
on  one  side  of  a river  may  travel  for  miles  before  being  equally 
commingled  with  the  purer  water.  These  facts  should  be  taken 
advantage  of  in  locating  an  intake. 

A great  objection  to  many  river  waters  is  the  large  amount 
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of  mineral  matter  in  suspension  carried  in  time  of  flood.  The 
use  of  turbid  water  is  in  some  cases  avoided  by  providing  stor- 
age reservoirs  holding  sufficient  clear  water  to  permit  the  discon- 
tinuance of  pumping  when  the  river  is  muddiest.  This  is  always 
after  a rain,  and  may  last  for  but  a day  or  two  at  a time,  the 
duration  varying  directly  with  the  size  of  the  drainage  area  above. 
The  extreme  variation  in  the  amount  of  silt  present  in  some  rivers 
is  illustrated  by  the  Ohio,  in  which  during  one  year  the  maxi- 
mum amount  of  suspended  matter  found  was  531.1  parts  per 
100,000,  the  minimum  was  o.i  part,  and  the  mean  22.5  parts. 

It  is  probable  that  manufacturing  wastes  and  sewage  are 
in  most  cases  quite  constant  in  amount,  and  hence  the  polluted 
water  is  most  impure  when  the  river  is  low.  The  quantity  of 
organic  matter  washed  from  the  catchment  area,  which  may 
include  considerable  human  excreta,  will  be  greatest  after  a 
rain.  There  will  in  most  rivers  be  a wide  variation  and  sudden 
changes  in  the  impurities  found,  both  mineral  and  organic. 
Table  No.  33  shows  such  variation  for  the  Hudson  river  above 
any  direct  sewage  inflow. 

Table  No.  33 

VARYING  AMOUNTS  OF  IMPURITIES  IN  HUDSON  RIVER  WATER 

(mason). 

(In  parts  per  1,000,000) 


Date. 

Ammonia. 

Nitrogen  as 

Chlorine. 

Required  Oxygen. 

Total  Residue. 

Loss  on  Ignition. 

Suspended  Matter 
(Silt). 

Temperature, 
Degrees  Fahr. 

Free. 

Albuminoid. 

Nitrites. 

Nitrates. 

Nov.  3.  . 

.030 

.087 

,000 

trace 

3-5 

3-76 

73 

35 

88.4 

Dec.  15  . 

.045 

.150 

trace 

.15 

4-5 

13.00 

107 

42 

68.6 

36 

Jan.  12. . 

.025 

.080 

.000 

. 10 

3-5 

7-65 

43 

39 

0.0 

Feb.  5... 

•055 

. 100 

.000 

•15 

8.85 

88 

45 

0.0 

34-6 

Mar.  4.  . 

.085 

.150 

trace 

. 10 

10.00 

93 

51 

0.0 

33-0 

Aprils.  . 

.042 

•23s 

trace 

.30 

2.4 

5-90 

388 

88 

II  .0 

46.4 

April  10. 

.058 

.660 

trace 

trace 

15-50 

583 

74 

495-0 

41.0 

May  8 . . 

.030 

.205 

trace 

. 10 

2-5 

7-30 

67 

31 

0.0 

68.0 

June  5 . . 

•045 

,120 

.000 

trace 

3-5 

8.  70 

78 

50 

0.0 

71.0 

Sept.  20. 

. 280 

.320 

.0015 

•30 

5-0 

2.65 

Oct.  30.  . 

•05s 

.155 

trace 

3.5 

14.85 

lOI 

57 

0.0 

44 
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The  record  of  April  loth  shows  the  largest  amount  of 
albuminoid  ammonia  coincident  with  that  of  suspended  matter, 
and  hence  probably  caused  by  rain. 

The  increase  of  bacteria  caused  by  rain  washing  them  into 
a stream  is  illustrated  by  the  Croton  (New  York  City)  water, 
which  ordinarily  contains  about  35  bacteria  per  cubic  centi- 
meter, but  after  a hard  rain  as  many  as  7200  have  been  found. 

Art.  41.  Lakes 

A lake  is  generally  but  the  broadening  of  the  channel  of 
a river  or  other  stream,  and  the  water  entering  a lake  is  but 
that  of  such  stream.  The  quantity  of  water  passing  through 
a lake  is  no  more  than  that  flowing  in  its  river;  but  when  this 
latter  becomes  temporarily  small  in  times  of  drought  the  lake 
acts  as  a storage  reservoir,  and  hence  is  generally  preferable 
to  a river  as  a source  of  supply,  if  the  quality  is  equally  as 
good. 

In  passing  through  a lake,  water  often  undergoes  changes 
in  quality  which  would  not  occur  in  the  stream.  Lakes  are 
ordinarily  found  in  a hilly  country,  where  the  currents  of  the 
streams  are  more  or  less  rapid,  while  that  through  the  lake 
is  very  slow.  Suspended  matter  which  was  carried  by  the 
stream  is  therefore  permitted  in  a lake  to  settle  to  the  bottom, 
and  the  water  is  thus  clarified,  many  bacteria  being  carried 
down  during  the  sedimentation,  or  dying  off  from  lack  of  food- 
matter.  The  water  at  the  lower  end  of  a lake  is  hence  in  most 
cases  purer  than  that  at  the  upper  end,  provided  no  pollution 
finds  its  way  into  the  lake  from  the  shores.  There  being  no 
more  water  flowing  through  a lake  than  flows  in  the  river  in 
whose  course  it  lies,  there  will  be  in  the  long  run  no  more  dilution 
of  sewage  or  other  impure  water  discharged  into  a lake  than  if 
the  same  were  discharged  into  the  river;  but  the  water  may 
become  more  pure  in  passing  over  a given  distance,  because  of  the 
greater  time  occupied  and  the  greater  opportunity  for  sedimenta- 
tion thus  afforded. 

Most  lakes  are  deeper  than  their  rivers,  and  such  effect  as 
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depth  may  have  upon  the  quality  of  water  is  found  in  many 
or  most  lakes.  Owing  to  this  depth,  to  the  size  of  a lake  as 
compared  with  a river  channel,  and  to  the  slight  current,  move- 
ment, lakes  offer  better  opportunities  for  locating  water-works 
inlets  than  do  rivers  or  smaller  streams. 

Like  river  water,  lake  water  must  ordinarily  be  pumped; 
except  in  the  case  of  lakes  on  mountain  streams,  which  act 
practically  as  natural  reservoirs  of  surface  water.  In  fact, 
lakes  and  reservoirs  have  in  most  respects  similar  effects  upon 
the  quality  of  water;  and  most  of  the  statements  made  in 
Art.  37  concerning  reservoirs  are  applicable  likewise  to  lakes. 


CHAPTER  IX 


GROUND  WATER 

Art.  42.  Water-bearing  Strata 

The  rainfall  absorbed  by  the  soil  of  each  catchment  area, 
after  percolating  downward,  continues  to  travel  in  some  gen- 
erally horizontal  direction  toward  a stream,  lake,  or  sea.  Its 
underground  passage  is  subject  to  many  of  the  laws  affecting 
surface  flow — its  surface  must  fall  in  the  direction  of  flow, 
and  the  velocity  of  flow  is  proportional  to  this  fall;  the  hydraulic 
gradient  of  this  flow  cannot  be,  at  any  point,  lower  than  the 
body  of  water  into  which  the  flow  discharges;  the  water  wall 
seek  the  lowest  accessible  channels,  but  ordinarily  fills  the  soil 
over  large  areas.  There  are  the  additional  influences  of  friction 
in  passing  through  the  soil;  the  capillary  attraction  of  this; 
and  confined  flow  caused  by  super-strata  of  impervious  material, 
the  conditions  then  approximating  those  found  in  water  pipes 
or  other  conduits  under  pressure. 

The  amount  of  flow  is  dependent  upon  the  size  and  per- 
viousness of  the  catchment  areas  which  contribute  to  it,  and 
upon  the  precipitation  upon  those  areas.  It  is  in  many  cases, 
however,  increased  by  seepage  from  rivers  crossing  the  per- 
vious stratum,  the  drainage  areas  of  which  rivers  are  not  strictly 
parts  of  the  catchment-basin  in  which  this  pervious  stratum 
lies. 

If  the  water-bearing  stratum  extends  to  the  surface  of  the 
ground,  it  may  occupy  a pocket  in  an  impervious  under-stratum 
of  clay  or  rock,  in  which  case  water  permeating  it  is  held  until 
evaporated  or  withdrawn  by  wells.  Swamps  are  formed  by  such 
conditions  when  the  amount  of  water  reaching  the  pocket  suf- 
fices. In  more  cases  a surface  pervious  stratum  is  a sedimentary 
deposit  made  by  a stream,  probably  combined  with  talus  and 
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surface  wash  from  hills  paialleling  the  stream;  and  this  deposit 
has  an  outlet  into  the  stream  and  also  a general  fall  paralleling 
that  of  the  stream.  In  most  cases  there  is  a humus  covering  to 
such  pervious  deposits  which  is  much  less  pervious  than  the  mate- 
rial below.  These  deposits  are  filled  partly  by  seepage  from  the 
river,  and  especially  from  its  flood  waters  when  they  stand  for  a 
few  days  over  and  soak  into  the  deposit  from  the  entire  surface; 
which  water  drains  out  slowly  after  the  river  recedes;  this  drain- 
ing not  being  completed,  when  the  deposit  is  fine-grained,  before 
the  next  annual  flood.  These  deposits  are  also  supplied  with 
water  by  underground  flow  (and  more  or  less  surface  flow)  from 


Fig.  24. — Cross-section  of  Valley  of  the  Fountain  qui  Bouille,  Pueblo,  Colo. 


the  hillsides  toward  the  river.  All  of  the  water  moves  continually 
toward  the  stream  and  tends  to  seep  into  it  until  it  falls  to  the 
normal  level  of  the  water  in  the  stream.  It  also  has  some  motion 
parallel  with  the  stream,  the  amount  of  this  depending  upon  the 
relative  slope  of  the  ground  water  normal  to  the  line  of  the  stream 
as  compared  with  the  slope  of  the  stream  itself.  If  the  pervious 
material  underlies  the  stream,  as  is  often  the  case,  there  is  prac- 
tically an  underground  stream  as  well  as  one  visible  on  the 
surface,  and  the  former  may  continue  after  the  latter  has  run 
dry.”  The  underground  flow  in  some  cases  is  known  to  follow 
an  old  stream  bed  in  the  underlying  rock  which  is  100  feet  or 
more  below  the  surface  and  may  only  approximately  follow  the 
present  course  of  the  stream. 
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In  the  Northern  states  moraines  of  gravel  and  sand  furnish 
pervious  receptacles  of  water  which  is  discharged  as  springs  at 
the  foot  of  their  lower  slopes,  as  seepage  into  streams,  etc. 
These  generally  derive  their  supply  from  precipitation  directly 
upon  them  and  from  the  run-off  of  higher  land  abutting  them. 

In  rugged  mountainous  country  alluvial  deposits  are  often 
found  at  the  mouths  of  gorges,  generally  spreading  out  fan- 
shaped, sometimes  several  miles  in  extent  and  up  to  2cx:o  or 
3000  feet  thick.  Such  a deposit  the  stream  from  the  gorge 
supplies  with  water,  which  seeps  through  it  and  emerges  along 
its  foot. 

A stratum  of  sand  or  gravel  may  be  overlaid  with  clay  or  other 
impervious  material,  or  pervious  sandstone  with  impervious  rock, 


Fig.  25. — Typical  Section  in  Central  New  Jersey. 


and  the  pervious  stratum  may  reach  the  surface  and  there  receive 
a supply  of  ground  water  by  direct  precipitation,  run-off  from 
adjacent  higher  land,  or  a stream  that  flows  over  it,  or  water 
may  enter  it  through  breaks  or  faults  in  the  impervious  strata 
that  lie  above  it.  This  bed  of  pervious  material  may  have  no 
outlet,  and  the  water  stand  in  it  under  pressure;  but  in  most 
cases  it  has  an  outlet  into  the  ocean  or  other  deep  body  of  water, 
or  outcrops  at  the  surface  at  another  point. 

In  many  sections  of  the  country  the  several  strata  to  the  depth 
of  thousands  of  feet  have  been  depressed  into  a basin  or  trough 
form,  and  the  pervious  strata  outcrop  in  a ring  or  in  two  parallel 
strips  with  the  depression  between  them.  The  exposed  out- 
crops take  in  water  in  the  ways  before  described,  and  this 
settles  into  the  depression,  where  it  is  held  under  a hydrostatic 
head  by  the  impervious  strata  above.  If  the  strata  are  bent 
into  the  shape  of  a trough,  the  ground  water  flows  in  the  direc- 
tion of  the  slope  of  the  trough;  but  the  friction  of  flow  in  this 
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will  ordinarily  produce  a considerable  hydrostatic  head  except 
near  the  mouth  of  the  trough. 

If  a break  or  fault  exist  in  the  pervious  stratum  over  a water- 
bearing one  under  hydrostatic  head,  or  a well  or  other  hole, 


the  water  will  rise  in  this  to  the  hydraulic  gradient,  if  the  open- 
ing extend  this  high.  If  such  hydraulic  gradient  lie  above  the 
ground  surface,  the  water  will  rise  to  the  surface.  If  a well  be 
driven  at  such  a point,  it  will  be  a flowing  or  “ artesian  ” well, 


Fig.  27. — Ideal  Section  Illustrating  Condition  Causing  Artesian  Wells. 

and  the  elevation  of  the  hydraulic  gradient  above  the  ground 
is  called  the  “ artesian  head.”  If  the  opening  in  the  imper- 
vious stratum  extend  only  to  an  overlying  pervious  one,  water 
will  rise  from  the  lower  to  the  upper  pervious  stratum  and  enter 


Fig  28. — Ideal  Section  of  Artesian  Basin  Charged  with  Water  from  Below  through 

Fissure. 


the  latter,  or  will  settle  from  the  upper  to  the  lower,  depending 
upon  the  relative  hydrostatic  pressure  in  the  two. 

The  temperature  of  the  ground  increases  with  the  depth  about 
F.  for  each  60  feet,  or  possibly  less  in  some  localities;  this 
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relation  not  applying  definitely  to  the  upper  50  feet,  however, 
because  of  the  effect  of  seasonal  and  other  surface  temperatures 
to  about  that  depth.  Therefore  water  that  rises  from'  consider- 
able depth  may  be  warm  or  even  hot.  (Ground  water  is  called 
‘‘  warm  ” if  its  temperature  lie  between  60°  and  100°  F.,  and 
“ hot  ” if  it  be  more  than  100°).  The  depth  from  which  a 


water  rises  may  therefore  be  determined  approximately  by  its 
temperature;  although  if  it  rise  slowly  through  other  strata 
rather  than  in  a well,  it  will  probably  cool  more  or  less  in  the 
meantime.  As  stated  above,  water  may  rise  from  one  deep 
stratum  to  a higher  one  through  a fault  or  fissure,  and  thus 
the  water  tapped  by  a well  or  emerging  as  a spring  from  this 

stratum  will  have  a higher 
temperature  than  that  due  to 
its  depth.  Where  the  geolo- 
gical structure  suggests  an 
artesian  basin,  the  existence 
Fig.  30.— Spring  in  Hardpan.  of  warm  springs  therein  is  an 

assurance  that  artesian  wells 
can  be  developed  there;  and  the  temperature  will  give  an 

indication  of  the  depth  required  for  such  well. 

All  rocks  contain  small  amounts  of  water,  but  except  for  some 
sandstones  the  amounts  are  so  infinitesimal  as  to  be  negligible 
for  even  domestic  water  supplies.  All  rocks,  however,  are 

traversed  by  numerous  fissures  or  joint  cracks,  and  water  finds 
its  way  into  and  along  there.  Limestones  and  a few  other  rocks 
are  dissolved  by  weakly  acid  water,  and  in  these  the  fissures 
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are  widened  into  sink  holes,  subterranean  passages  and  caves. 
Streams,  large  or  small,  may  find  their  way  into  these  and  flow 
as  underground  rivers;  but  the  w^ater  here,  of  course,  is  not 
under  pressure,  and  generally  emerges  at  lower  levels  in  the  form 
of  large  springs. 

Fig.  24  illustrates  water-bearing  gravel  or  sand  in  a river 
valley  in  which  the  underground  flow  exceeds  that  in  the  creek 
during  most  of  the  time,  and  is  more  constant  in  volume;  and  in 
many  western  rivers  the  underground  flow  is  more. relied  upon  for 
supply  than  the  visible  flow.  In  Pacoima  creek  a dam  was  built 


across  the  valley,  down  to  the  impervious  bottom,  to  intercept 
all  such  flow;  but  ordinarily  this  is  uneconomical  because  of  the 
great  length  and  depth  of  dam  required  and  the  relatively 
small  flow  intercepted. 

Fig.  27  is  an  ideal  section  of  a dished  stratum  producing 
artesian  conditions;  and  Fig.  28  of  a fissure  in  the  under- 
lying impervious  stratum  through  which  water  from  a deeper 
water-bearing  stratum  rises  into  a higher  one.  Fig.  31  is  a 
section  passing  through  Streator,  111.,  and  Madison,  Wis.,  show- 
ing the  outcropping  of  the  Potsdam  and  St.  Peters  sandstone. 
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which  furnish  water  to  a large  number  of  cities  in  the  north 
central  part  of  the  United  States.  The  water  rises  to  the 
surface  in  a large  number  of  wells  in  the  Potsdam  and  a few  in 
the  St.  Peters  sandstone.  The  former  has  an  area  of  outcrop 
in  the  upper  IMississippi  valley  of  about  14,000  square  miles. 
In  Ohio  and  Indiana  the  Niagara  and  Trenton  limestones 
furnish  abundant  supphes;  and  in  the  Dakotas  and  northern 
Nebraska  the  Dakota  sandstone. 

If  AB,  Fig.  32,  is  a stratum  of  sand  or  per\dous  sandstone  be- 
tween two  strata  of  impervious  clay  or  rock,  the  percolation 
from  the  catchment-basin  or  valley  B will  travel  toward  A and 
emerge  there.  The  hydraulic  gradient  will  be  the  line  BC, 


which  will  be  straight  if  the  material  and  thickness  of  the 
stratum  AB  constant.  A well  at  D would  then  overflow 
at  any  point  below  BC\  while  in  that  at  E the  water  would 
rise  to  this  flne  only  and  would  need  to  be  pumped.  If  water 
were  drawn  from  Z),  the  hydraulic  gradient  would  be  lowered 
at  that  point.  If  lowered  to  the  point  F,  it  is  probable  that 
some  salt  water  would  reach  the  well,  as  happened  at  Gal- 
veston, Tex.  The  end  of  the  hydraulic  gradient  C is  mean 
tide  level,  friction  in  the  pervious  material  preventing  the 
changing  pressure  at  A due  to  tides  from  having  any  effect  for 
more  than  a few  hundred  feet  inland  from  A . 

The  amount  of  water  emerging  at  A is  in  some  places  so 
great  as  to  occasion  fresh- water  springs  in  the  ocean;  as  off 
the  coast  of  South  Carolina,  and  the  Gulf  coast  of  Florida, 
where  such  springs  boil  up  through  a depth  of  100  to  300  feet 
of  water  in  such  volume  as  to  make  it  difficult  to  row  a boat 
above  them. 
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In  New  Jersey,  south  of  the  Raritan  river,  the  strata  for 
several  hundred  feet  down  are  blue  and  yellow  clays  and  marls, 
alternating  with  strata  of  sand  of  var}ing  thickness.  Most  of 
the  sand  strata  are  water-bearing.  The  flow  from  a depth  of 
425  feet  in  one  well  half  a mile  from  shore  rose  to  6|  feet  above 
mean  high  tide,  indicating  an  outlet  into  the  ocean  at  least 
8 or  10  miles  distant  (as  at  A,  Fig.  25).  Similar  conditions  are 
found  along  the  Gulf  of  Mexico  and  over  a considerable  part 
of  the  South  Atlantic  coast. 

Somewhat  similar  conditions,  except  that  the  water-bearing 
strata  do  not  emerge  below  a body  of  water,  illustrated  in 
Fig.  29,  produce  springs  or  strips  of  swampy  places;  although 
both  of  these  are  more  frequently  due  largely  or  wholly  to 
shallow  ground  flow  from  the  land  immediately  above,  which 
is  forced  to  the  surface  by  the  outcropping  of  an  impervious 
stratum. 

Springs  are  also  caused  by  water  rising  through  faults,  as 
at  A in  Fig.  26.  Such  a spring  at  San  Antonio,  Tex.,  yielded 
5o,ooo,cxxD  gallons  daily.  Underground  water  may  also  rise 
through  a stratum  of  clay  or  hardpan,  as  in  Fig.  30. 

Water  in  valley  bottoms  (Fig.  24)  furnishes  the  supply  to  a 
large  number  of  cities  in  this  country.  The  allu\dal  deposits 
in  the  southern  and  central  valleys  and  the  drift  in  the  northern 
third  of  the  United  States  afford  many  abundant  supplies  of 
this  class;  most  of  which,  however,  are  being  or  should  be 
abandoned  on  account  of  the  danger  of  pollution.  Shallow 
wells  and  galleries  are  constructed  for  utilizing  this  source  of 
supply. 

Water-bearing  sand  strata  alternating  with  clay  are  probably 
used  more  extensively  for  water  supplies  than  any  other  class 
of  underground  sources.  The  Atlantic  coast  states  from  New 
Jersey  to  Georgia,  and  the  entire  Gulf  coast,  offer  this  source 
of  supply  in  the  allu\ial  and  marine  deposits  at  depths  of  50  to 
1000  feet.  Pensacola,  Fla.,  obtains  from  this  source  2,000,000 
gallons  daily;  Memphis,  Term.,  15,000,000  gallons;  Brookl}Ti, 
N.  Y.,  150,000,000  gallons;  Fort  Wayne,  Ind.,  6,000,000  gal- 
lons. In  western  Florida,  Mississippi,  and  Louisiana  water 
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is  found  in  abundance  in  sand  and  fine  gravel  interspersed 
with  strata  of  vari-colored  clays.  West  of  this  around  the 
Mississippi  river  silt  predominates  and  the  wells  yield  scantily. 
In  eastern  Florida  the  wells  penetrate  cavernous  limestone, 
spurs  of  the  Georgia  mountains.  North  of  this  are  again  water- 
bearing sand  strata.  A typical  Gulf  section  is  shown  in  Fig.  33, 
running  north  and  south  through  Pensacola.  Here  the  hydraulic 
gradient  falls  about  i in  4500  (5  = .0002+),  the  water  rising 
16  or  17  feet  above  sea  level.  At  Natchez,  Miss.,  the  water- 
bearing sand  stratum  is  but  40  feet  thick. 

The  impervious  strata  are  generally  clays  and  marls,  with 
occasionally  hardpan,  and  vary  in  thickness  from  5 to  50  feet 


Fig.  33. — Section  of  Water-bearing  Stratum  at  Pensacola,  Fla. 


or  more.  The  pervious  material,  generally  sand,  sometimes 
runs  in  streaks  in  irregular  courses  as  in  Fig.  25,  and  again 
spreads  out  into  thick  strata  miles  in  width.  There  can  there- 
fore be  no  certainty  of  finding  a particular  stratum  by  boring  at 
any  given  point,  but  this  is  largely  a matter  of  chance.  The 
thicker  and  more  important  water-bearing  strata  generally 
extend  over  large  areas,  however,  and  may  be  found  with 
considerable  certainty  at  any  point  within  a district  whose 
outer  limits  it  is  known  to  underlie. 

Art.  43.  Flow  of  Ground  Water 

The  general  direction  of  flow  of  ground  waters  discharging 
into  the  ocean  is,  in  the  majority  of  cases,  towards  the  ocean. 
It  is  along  the  line  of  glacial  motion  if  in  drift,  or  diagonally 
across  and  down  a valley  if  in  alluvial  deposits. 

The  velocity  of  flow  depends  upon  the  slope  of  the  water 
surface;  the  size  and  uniformity  of  the  grains  of  sand  or  gravel, 
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or  of  the  pores  of  the  rock  through  which  it  flows;  and  upon  the 
temperature,  although  this  ordinarily  varies  but  little.  In  finer 
gravel  and  sand  the  velocity  is  found  to  be  directly  proportional 
to  the  slope,  while  in  coarse  gravel  it  is  more  nearly  proportional 
to  the  square  root  of  this.  The  velocity  in  sand  may  be  repre- 
sented by  the  formula 

V = cdh* 


in  which  V = velocity  in  feet  per  second ; 

c = a coefficient,  about  0.29  as  determined  by  a few 
experiments  by  Hazen;  but  0.45  as  indicated  by 
later  experiments. 

d = the  effective  size  of  the  sand  grains  in  millimeters. 
(Effective  size  of  sand  “ is  such  that  10  per  cent 
of  the  material  is  of  smaller  grains  and  90  per 
cent  is  of  larger  grains  than  the  size  given.”) 


sine  of  the  slope  of  the  hydraulic  gradient. 


This  formula  is  not  considered  applicable  when  d exceeds  3. 

The  relative  area  of  open  spaces  in  sandy  soil  through 
which  the  water  flows  determines  the  quantity  of  flow.  In 
a given  cross-section  this  area  wall  generally  range  between 
.35  and  .60  of  the  total  area.  The  quantity  of  flow,  Q,  per 
unit  area  of  vertical  section  would  then  be  .35 F to  .60  V.  On 
Long  Island,  where  the  Brooklyn  water  supply  is  obtained, 
^ is  about  .0002  in  dry  weather  to  .002  in  wet.  This  would  give 
a velocity  of  flow  in  dry  seasons,  assuming  ^ = 0.5,  of  7 = 0.45 
X.25X. 0002  = .000022  feet  per  second,  or  1.88  feet  per  day; 
and  (2  = 40X1.88=0.75  cubic  feet  per  day  per  square  foot  of 
vertical  section.  In  wet  seasons  these  values  might  be  ten  times 
as  great,  .s  being  much  greater. 

Slopes  in  sand  of  30  to  50  feet  per  mile  are  found  (s  = .oosy 
to  .0091),  the  slope  generally  increasing  with  the  fineness  of  the 
material.  In  valleys  having  gravelly  soils  the  cross-slope  is 
generally  very  flat,  while  the  longitudinal  slope  is  practically 
that  of  the  river. 

* Allen  Hazen,  in  Report  of  Mass.  Bd.  of  Health. 
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Through  rock  the  velocity  of  flow  is  less  than  through 
sand,  owing  to  the  presence  of  the  interstitial  cementing  mate- 
rial, but  practically  nothing  definite  is  known  upon  this  sub- 
ject. In  the  Dakota  sandstone  the  distance  from  the  outlet 
in  the  Missouri  river  to  the  catchment  outcrop  in  the  Rocky 
mountains  is  about  500  miles,  and  the  difference  in  elevation 
about  5000  feet,  giving  an  average  value  of  5 of  .002;  but  it  is 
thought  that  the  hydraulic  gradient  is  steeper  than  this  near  the 
outcrop,  since  it  is  flatter  in  Nebraska;  probably  because  of 
great  irregularities  and  faults  in  the  strata  in  and  near  the 
mountains. 

If  the  quantity  of  flow  through  a given  material  due  to 
different  water  slopes  is  known,  we  can  approximate  the  amount 
of  water  available  from  such  material  in  a given  locality  by 
sinking  two  wells  in  the  line  of  flow,  but  some  distance  apart, 
and  noting  the  water  level  in  each,  thus  determining  s;  or,  if 
the  direction  of  flow  is  not  known,  both  this  and  5 can  be  deter- 
mined by  sinking  three  wells  at  approximately  the  corners 
of  an  equilateral  triangle.  The  velocity  of  flow  can  be  found 
approximately  by  noting  the  time  elapsing  after  placing  salt 
or  a dye  in  one  well  before  it  makes  its  presence  known  in 
another  directly  below  it  in  the  line  of  flow.  If  the  upper  well  is 
artesian,  rock  salt  may  be  lowered  to  the  bottom  of  the  well  in 
a bag  and  the  flow  from  the  well  be  immediately  stopped. 

When  a well  is  pumped, 
water  flows  to  it  from  all  sides. 
If  we  imagine  a series  of  verti- 
cal cylindrical  planes  concentric 
about  the  well  at  different  dis- 
tances from  it,  the  same  amount 
of  water  must  pass  each  cylinder; 
but  as  their  circumferences 


Fig.  34. — Curves  Showing  Cone  of 
Depression. 


vary  in  length  as  their  radii,  the  velocity  of  flow  per  foot  of 
circumference  will  be  inversely  as  the  distance  from  the  well. 
The  greater  velocities  require  greater  slope  in  the  ground-water 
surface,  and  this  therefore  assumes  the  shape  of  a cone  of 
depression  with  curved  elements,  as  in  Fig.  34. 
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This  still  further  reduces  the  area  of  the  cylindrical  surfaces 
nearer  the  well  by  decreasing  their  depths,  thus  making  the  veloc- 
ity of  flow  increase  more  rapidly  than  the  radii  decrease.  The 
depth  and  area  of  the  depression  at  the  well  therefore  increase  in 
a proportion  equal  to  or  somewhat  greater  than  the  amount  of 
water  pumped  from  it;  the  shape  of  the  curve  of  depression 
depending  upon  the  slope  at  each  point,  which  may  be  obtained 
theoretically  by  solving  for  5 in  the  formula  V = cdrs.  A Brook- 
lyn, N.  Y.,  well,  when  being  pumped,  showed  a depression  of  6 


Fig.  35. — Curves  Showing  Depression  in  Water  Plane  near  15-inch  Pumped  Well 
in  Arkansas  River  Valley. 

inches  at  4300  feet  from  the  well,  26  inches  at  2300  feet,  and  56 
inches  at  300  feet.  In  Parkersburg,  W.  Va.,  the  cone  was  about 
400  feet  in  diameter  when  the  water  was  lowered  13  feet.  In  a 
Brooklyn  well  the  diameter  of  the  cone  was  about  5000  feet  with 
a 15-foot  depression  at  the  well.  In  the  well  shown  in  Fig.  35 
the  yield  was  14J  gallons  per  minute  for  each  foot  of  depression 
below  the  normal  water  plane.  In  Memphis  the  curve  of  depres- 
sion was  fairly  well  represented  by  x=  ^ — . 

Some  time  must  elapse  after  pumping  begins  before  the 
depression  assumes  a final  shape,  since  the  water  originally 
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filling  the  cone  must  first  be  exhausted.  Similarly,  the  depres- 
sion will  fill  gradually  when  pumping  ceases.  Thus,  a set  of 
wells  in  Brooklyn  was  pumped  for  twenty  days,  at  a rate  of 
5,000,000  gallons  per  day,  the  ground  water  being  lowered 
14  feet;  and  the  depression  was  not  filled  until  the  twelfth 
day  after  pumping  ceased.  If  the  diameter  of  the  depression 
was  5000  feet,  and  the  soil  was  33  per  cent  voids,  and  60  per 
cent  of  the  contained  water  was  yielded,  the  amount  of  water 
to  be  replaced  was  probably  about  05,000,000  gallons — approxi- 
mately the  total  amount  pumped.  If  this  was  the  case,  the 
depression  might  not  have  assumed  its  permanent  form  when 
pumping  stopped. 

If  wells  be  located  too  near  each  other,  their  cones  of  depres- 
sion will  intersect,  and  the  flow  of  each  or  some  will  be  reduced. 
They  should  generally  be  placed  across  the  direction  of  flow, 
otherwise  the  upper  wells  may  diminish  the  flow  of  the  lower; 
but  water  flows  to  the  wells  from  sides  as  well  as  above,  and  if 
the  cones  of  depression  do  not  intersect,  the  interference  of  the 
upper  wells  will  probably  not  be  serious. 

Art.  44.  Utilizing  Ground  Water 

Ground  water  may  be  brought  into  use  through  the  medium 
of  wells  or  infiltration  galleries,  or  as  it  issues  in  the  form  of 
springs.  The  last  is  the  cheapest  where  the  water  issues  in  large 
quantities  at  single  points;  but  where  it  appears  on  the  sur- 
face as  a more  or  less  general  exuding  over  a large  area,  the  col- 
lecting, including  cost  of  the  required  area  of  land,  may  become 
quite  large.  Certain  large  springs  have  been  dug  out  and  a 
basin  walled  around  them,  and  thus  serve  as  supplies  for  small 
municipalities;  but  the  number  of  these  is  few.  Where  ground 
water  flows  through  linestone  caverns,  the  intercepting  of  it 
where  it  emerges  (generally  in  a large  volume)  is  often  the  only 
method  of  utilizing  it. 

In  many  cases  a spring  supply  may  be  increased  by  concen- 
trating at  one  point  a flow  that  naturally  exudes  over  a consider- 
able area.  A trench,  either  open  or  filled  with  gravel,  or  a drain, 
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placed  across  the  line  of  flow  and  carried  down  into  the  imper- 
vious stratum  on  which  the  water-bearing  stratum  rests,  may 
serve  this  purpose.  Or  a lowering  of  the  outlet  of  the  spring 
may  draw  from  other  channels  that  drain  the  same  catchment 
area.  A spring  yielding  75,000  gallons  per  day  was  so  developed 
in  this  manner  by  the  author  as  to  yield  more  than  double  this 
amount  and  furnish  the  supply  for  a small  community.  If 
there  are  one  or  more  porous  strata  near  and  parallel  to  the 
surface  of  a hillside,  horizontal  tunnels  may  be  driven  into 
the  hill  to  intercept  water  from  these,  as  was  done  at  Oak- 
land, Cal. 

Wells  are  of  two  general  classes — dug  and  driven.  The  latter 
consist  of  pipes  driven  into  the  ground  to  depths  varying  from 
5 or  6 feet  to  as  many  thousand,  the  diameter  varying  from  i| 
or  2 inches  for  the  shallower  wells  to  15  or  18  inches  for  the  deeper 
ones.  The  shallowest  wells  draw  their  suppl}^  from  surface 
deposits,  which  are  subject  to  considerable  fluctuations  in  yield 
and  also  to  pollution  from  stables  or  privies  near  by.  If  a driven 
well  pierces  an  impervious  stratum  of  considerable  extent,  the 
water  drawn  is  pretty  certain  to  be  safe  from  surface  pollu- 
tion. But  thin  clay  strata  may  terminate  near  a well  (as  in 
Fig.  25),  of  which  termination  there  is  no  surface  indication, 
and  care  should  be  taken  to  investigate  this.  Deep  wells  gen- 
erally pass  through  several  strata  of  various  materials.  The 
deeper  they  are,  as  a general  thing,  the  more  distant  is  the  source 
of  the  ground  water,  the  more  constant  the  supply  and  the  more 
certain  to  be  free  from  any  matters  other  than  dissolved  minerals. 

Water  enters  wells  thro.ugh  holes  or  slots  in  their  walls,  and  the 
larger  the  total  area  of  openings  in  a well  the  greater  the  amount 
of  water  obtainable.  But  the  openings  in  any  one  well  should 
not,  as  a general  thing,  connect  with  two  distinct  water-bearing 
strata,  since  this  would  permit  the  water  under  the  higher  head 
to  escape  into  the  stratum  where  the  head  is  lower.  If  it  is 
desired  to  use  water  from  two  or  more  strata,  a separate  well 
should  be  sunk  to  each.  For  the  same  reason  a well  casing 
should  fit  tightly  all  impervious  strata  through  which  it  passes. 

In  order  that  all  surface  water  (which  may  carry  pollution) 
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may  be  excluded,  the  well  casing  should  be  tight  from  the  surface 
to  a thick  impervious  stratum  of  clay  or  rock,  with  which  it 
should  make  a tight  joint;  or,  if  there  are  no  such  strata,  the 
entire  casing  should  be  tight  except  near  the  bottom.  In  every 
case  the  top  should  be  tightly  closed  or  else  carried  above  the 
reach  of  surface  water. 

If  a well  is  not  artesian,  it  is  of  course  necessary  to  raise  the 
water  from  it  by  some  method  of  pumping.  Even  if  it  is  artesian 
or  flowing,  if  the  amount  of  water  so  obtained  is  not  sufficient, 
it  is  generally  cheaper  to  pump  from  it  rather  than  sink  another 
well.  By  pumping,  the  level  of  the  hydraulic  gradient  at  the 
well  is  lowered  and  water  is  drawn  to  the  well  from  a consider- 
able radius  around  it  and  the  amount  may  be  increased  several 
fold.  No  more  can  be  obtained,  however,  than  will  enter  through 
the  openings  in  the  casing  below  the  lowered  ground- water  level. 
With  any  practicable  number  of  wells  it  probably  is  impossible 
to  obtain  more  than  a fourth  or  a third  of  the  underground  flow. 

For  a short  time  after  beginning  to  pump  a well,  the  delivery 
may  increase,  owing  to  the  opening  of  channels  in  the  water- 
bearing stratum  by  removal  therefrom  of  clay  or  fine  sand. 
After  this  has  been  accomplished,  the  amount  yielded  should 
remain  constant  while  the  depth  in  the  well  is  constant,  and 
should  vary  approximately  as  the  depth  of  water  surface  in  the 
well  is  lowered  below  the  original  ground- water  level.  If, 
while  the  level  in  the  well  remains  constant,  the  flow  decreases, 
it  indicates  that  the  draught  is  exceeding  the  natural  yield  or 
else  that  the  openings  in  the  well  casing  are  stopping  up  with 
fine  sand  or  other  material.  If  the  former  is  the  case,  the  deliv- 
ery will  continue  to  decrease  unless  the  rate  of  pumping  be  re- 
duced to  the  point  where  the  volume  remains  constant  under  a 
constant  well-water  level.  If  a series  of  wells  over  a considerable 
area  exhibit  this  falling  off,  it  indicates  that  the  ground  water 
available  for  that  district  is  being  overdrawn,  and  the  draught 
should  be  diminished.  At  Rockford,  111.,  such  overdrawing  by 
a number  of  wells  in  the  Potsdam  sandstone  lowered  the  ground- 
water  level  lo  feet  in  six  years.  To  prevent  the  useless  lower- 
ing of  water  in  an  artesian  basin,  local  laws  should  require  that 


UTILIZING  GROUND  WATER 


189 


every  well  or  drill  hole  be  cased  to  prevent  water  escaping  from 
one  stratum  to  another;  that  every  artesian  well  when  not  in 
use  be  securely  closed  and  every  abandoned  well  be  filled  with 
impervious  material  to  prevent  waste  of  the  water. 

Dug  wells  are  seldom  carded  to  a greater  depth  than  50  feet, 
and  are  generally  used  for  obtaining  water  from  a surface  deposit. 
They  serve  as  open  reservoirs  for  collecting  ground  water, 
from  which  it  is  pumped.  The  advantage  of  these  is  that 
greater  amounts  of  water  can  enter  than  can  pass  the  openings 
in  one  or  several  driven-well  casings.  They  are  therefore  useful 
especially  where  the  supply  of  water  is  abundant  and  the 
water-bearing  stratum  very  porous.  In  some  cases  a dug  well 
is  sunk  to  a depth  of  25  or  50  feet,  and  driven  wells  are  sunk 
from  the  bottom  of  the  dug  well  and  pumps  placed  on  the  floor 
of  the  latter,  which  thus  serves  really  as  an  underground  pump 
chamber. 

Infiltration  Galleries.  When  the  ground  flow  near  the  sur- 
face is  to  be  used  for  a supply,  a number  of  wells,  driven  or 
dug,  may  be  employed;  but  a larger  quantity  can  ordinarily 
be  obtained  by  use  of  a long  crib  placed  at  right  angles  to  the 
direction  of  flow  and  below  the  ground-water  surface.  This  is 
generally  placed  near  a river,  not  so  much  to  utilize  the  river 
water,  but  because  the  ground  flow  increases  in  volume  as  its 
outlet  is  approached.  Infiltration  galleries  are  made  of  wood, 
brick,  or  stone  in  the  shape  of  a long  gallery  with  small  cross- 
section,  with  openings  in  the  sides  and  bottom  through  which 
the  water  enters.  A well-located  gallery  will  intercept  almost 
all  of  the  ground  flow  in  its  locality,  which  is  pumped  from 
it  direct  or  led  from  it  by  pipes  or  channel  to  a pump  well. 

An  infiltration  gallery  may  be  considered  as  a large,  horizon- 
tal well,  and  the  statements  above  relative  to  ground  flow 
apply  to  these  as  well  as  to  wells. 

At  Newton,  Mass.,  and  some  other  cities  wells  are  sunk 
along  the  line  of  the  filter  gallery  and  discharge  into  this,  thus 
uniting  the  supplies.  The  same  plan  was  adopted  for  the  Brook- 
lyn, N.  Y.,  supply,  the  gallery  consisting  of  several  miles  of 
large  vitrified  pipe. 
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An  infiltration  gallery  is  sometimes  placed  across  the  channel 
of  a river  which  has  a large  underground  flow,  to  intercept  this. 
This  method  is  particularly  applicable  to  some  of  our  western 
rivers,  where  the  underground  flow  is  at  most  times  greater  than 
the  visible.  The  underflow  of  the  Platte  river  was  thus  used  for 
the  Denver  water  works.  In  many  or  most  of  such  cribs 
considerable  water  is  drawn  from  the  visible  supply,  when  there 
is  any.  The  great  probabihty  that  water  so  near  the  surface 
will  be  polluted  has  led  to  the  abandoning  of  many  infiltration 
galleries  in  the  Eastern  states;  and  they  are  recommended 
for  such  locahties  only  as  are  beyond  any  sources  of  pollution. 

In  Parkersburg,  W.  Va.,  and  a few  smaller  installations 
water  is  drawn  from  the  river  bed  by  placing  a system  of  per- 
forated pipes  horizontally  about  5 feet  beneath  the  bed  of  a 
river  and  covering  them  with  sand.  The  safety  of  this,  as  of 
any  supply  drawn  from  near  the  surface,  depends  largely  upon 
the  filtering  effectiveness  of  the  sand  between  the  intaking 
pipe  or  gallery  and  any  possible  sources  of  pollution.  In  gen- 
eral 300  to  500  feet  of  fine  sand  or  loam  is  reasonable  protection 
against  pathogenic  bacteria.  But  the  danger  of  cracks  in  soil 
or  seams  in  rock  must  be  guarded  against;  and  water  flowing 
between  a surface  of  rock  and  any  kind  of  soil  fails  to  receive 
adequate  filtration. 

Quality.  Springs  are  subject  to  contamination  when  from 
shallow  surface  strata  or  from  deep  ones  which  are  very  porous. 
A well-known  illustration  of  the  latter  is  the  case  of  Lausen, 
Switzerland,  where,  in  1872,  typhoid  germs  were  found  to  pass 
through  a hill  and  transfer  an  epidemic  from  one  side  of  this  to 
the  other.  The  porous  stratum  here  filtered  out  flour  placed  in 
the  water,  but  was  comparatively  coarse,  since  the  water  passed 
through  the  hill  in  a few  hours.  A spring  which  shows  little 
effect  from  droughts  will  generally  be  from  a deep  and  exten- 
sive stratum,  and  free  from  all  organic  impurities. 

Deep  wells,  and  springs  from  deep  and  extensive  strata, 
usually  give  a water  containing  little  free  oxygen  and  much 
mineral  matter,  the  oxygen  formerly  present  having  united 
with  the  latter.  The  Crenelle  well  at  Paris,  1780  feet  deep. 
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contains  no  oxygen.  The  Ponce  de  Leon  (Florida)  well  con- 
tains 319  parts  per  100,000  of  mineral  matter,  nine  minerals 
being  recognized,  195.8  parts  being  sodium  chloride.  Old 
Faithful  ” geyser,  Yellowstone  Park,  contains  139  parts  of 
mineral  matter,  63.9  being  sodium  chloride.  Water  from  the 
two  latter  wells  is  not  potable. 

Art.  45.  Amount  of  Ground  Water  Available 

Having  determined  the  existence  of  an  underground  supply, 
its  source,  and  the  general  conditions  as  to  the  geological  strata, 
the  next  essential  is  to  determine  the  quantity  available. 

The  amount  of  water  flowing  in  a given  stratum  may  be 
represented  by  the  formula  Q = aV,  a being  the  area  of  open 
spaces  in  a vertical  section  of  the  stratum  across  the  line  of  flow, 
and  V being  obtained  by  test-wells,  or  by  the  formula  on  page 
183.  This  is  the  maximum  amount  obtainable.  But  the  total 
flow  in  a given  stratum  cannot  continuously  exceed  the  amount 
entering  it  by  percolation  from  the  catchment  area;  although 
it  may  do  so  temporarily  by  drawing  upon  the  ground  storage. 

The  percolation  may  vary  within  very  wide  limits,  but 
will  probably  be  about  60  to  70  per  cent  of  the  annual  rainfall 
in  sand,  25  per  cent  in  sandstone,  15  per  cent  in  limestone. 
English  experimenters  have  found  about  35  per  cent  to  per- 
colate through  gravelly  loam  and  chalk.  The  ground  flow 
may  receive  water  from  not  only  its  own  outcrop,  but  also 
from  that  of  any  porous  strata  above  or  below  it.  In  such  a 
case  all  such  interconnected  porous  strata  may  be  considered 
together  in  figuring  the  catchment  area.  A well  into  one 
of  these  will  draw  to  a greater  or  less  extent  from  the  others  as 
well. 

The  total  percolation  into  a stratum  must  generally  fill 
all  parts  of  such  stratum  which  are  below  the  hydraulic  gradient. 
It  is  therefore  possible  that  the  volume  per  square  foot  of  sec- 
tion flowing  at  any  point  may  be  either  less  or  greater  than  the 
average  percolation  per  square  foot  of  vertical  section  at  the 
outcrop;  and  this  latter  section  may  be  but  a small  percentage 
of  the  actual  exposed  area,  as  at  BC,  Fig.  26. 
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Water-bearing  soils  not  overlaid  with  impervious  strata 
generally  derive  their  water  from  the  rainfall  over  the  entire 
area  of  the  basin  or  valley  in  which  they  are  found,  augmented 
by  a considerable  ground  and  surface  flow  from  the  adjacent 
hillsides,  and  by  absorption  of  flood  water  by  which  they  may  be 
covered  at  intervals.  In  dry  weather  the  flow  is  in  some  in- 
stances reversed,  and  water  enters  the  ground  from  the  river, 
lake^  or  ocean.  This  is  generally  true  when  the  soil  is  of  gravel 
or  coarse  clean  sand,  and  when  the  river  carries  little  silt.  In 
any  soils  the  river  channel  will  probably  be  nearly  impervious 
if  the  river  at  times  carries  much  clay  or  loam  in  suspension. 

The  amount  obtainable  from  such  soil  is  therefore  the  rain- 
fall upon  it  less  that  which  runs  off  over  the  surface,  the  run-off 
from  the  area  draining  to  it  less  that  which  flows  across  it  as 
surface  streams,  and  the  amount  which  enters  it  by  horizontal 
percolation  from  the  water  above  normal  stream  height  in  time 
of  flood  and  the  vertical  absorption  of  such  flood  waters  as  may 
cover  it;  less  the  loss  by  the  several  classes  of  evaporation. 
The  amount  derived  from  flood  waters  can  generally  be  learned 
only  by  a study  of  ground- water  heights  in  several  wells  at  various 
distances  from  the  stream  before,  during  and  after  at  least  one 
or  two  floods.  On  Long  Island  it  is  estimated  that  800,000  gal- 
lons per  square  mile  per  day  can  be  obtained  from  sand  where 
the  only  source  is  direct  rainfall.  Water  in  these  surface  soils 
flows  into  the  nearest  stream,  ocean  or  other  natural  outlet 
until  it  falls  to  the  level  of  such  outlet.  If  drawn  below  this 
level  by  wells,  a back-flow  into  the  soil  will  usually  take  place. 
Salt  water  from  the  ocean  has  thus  been  drawn  to  a well,  ruin- 
ing it  temporarily. 

In  the  case  of  sandstone  strata,  the  yield  is  more  often  a 
matter  of  the  rate  at  which  they  will  absorb  and  transmit  water 
than  of  the  amount  that  reaches  the  outcrop  for  absorption. 
This  rate  is  extremely  slow,  generally  only  a fraction  of  a foot 
a day,  and  the  amount  that  can  be  obtained  from  a given  well 
or  a given  group  of  wells  is  limited  by  this  rather  than  by  the 
capacity  of  the  stratum.  The  heavy  draughts  made  upon  the 
Potsdam  sandstone  by  increasing  numbers  of  wells  have  lowered 
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the  hydraulic  gradient  at  these  wells,  although  it  is  not  probable 
that  the  amount  withdrawn  is  as  great  as  that  absorbed  at  the 
outcrop. 

The  exceeding  slowness  of  flow  through  rock  results  in 
this  flow’s  being  almost  constant  through  all  seasons  and  years; 
the  more  extensive  the  stratum  the  greater  being  the  uniform- 
ity. In  sand  and  gravel  the  flow  is  more  subject  to  variation 
from  this  cause,  but  here  also  the  more  extensive  the  stratum 
the  less  the  variation.  When  the  stratum  feels  the  effects  of 
droughts,  the  storage  capacity  of  the  soil  may  be  called  upon. 
If  in  Fig.  36,  for  instance,  the  ground  water  stand  at  the  upper 
dotted  line  during  the  average  season,  it  might  during  a dry  one 
be  gradually  lowered  to  the  lower  line,  the  pumps  having  with- 


Fig.  36. — Illustration  of  Ground  Storage. 


drawn  not  only  the  contemporary  seepage,  but  in  addition  an 
amount  represented  by  the  fall  in  water  level.  It  is  evident 
that  the  ability  of  a stratum  to  tide  over  a drought  is  measured 
by  its  area,  depth,  proportion  of  voids,  and  percentage  of  con- 
tained water  which  can  be  abstracted.  The  volume  of  voids 
will  vary  probably  from  20  to  45  per  cent  of  the  total  volume, 
depending  little  on  the  size  of  grain  but  much  on  the  uniformity 
of  size.  The  amount  of  the  contained  water  which  the  soil  will 
yield  depends  upon  the  capillarity  and  hence  the  fineness  of  grain. 
Thus,  gravel  will  give  up  practically  all  and  clay  almost  none 
of  the  contained  water.  Ordinary  sand  will  surrender  60  to  70 
per  cent,  and  fairly  permeable  soils  50  to  60  per  cent,  of  their 
water.  An  average  sandy  loam  will  yield  about  20  per  cent 
of  its  total  volume.  A stratum  of  10  square  miles  area  would 
yield  about  418,000,000  gallons  per  vertical  foot  of  saturated 
soil,  i.e.,  soil  below  the  ordinary  ground-water  level.  If  the  daily 
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supply  for  six  months  was  10,000,000  gallons,  while  12,000,000 
was  required,  the  additional  might  be  obtained  by  lowering  the 
ground  water  an  average  of  10  inches.  The  area,  however, 
must  be  that  of  the  ground-water  surface  and  not  of  the  ground; 
and  as  the  water  surface  is  lowered  its  area  contracts,  and  hence 
the  water  level  falls  more  quickly  the  longer  the  ground  storage 
is  called  upon. 

The  amount  of  ground  water  considered  in  this  article  is 
the  total  flow;  but  it  must  be  remembered  that  in  almost  no 
case  is  it  possible  to  intercept  all  of  this. 


CHAPTER  X 


GRAVITY  SYSTEMS 
Art.  46.  Definitions 

A SUPPLY  of  water  of  the  requisite  quality  and  quantity 
having  been  decided  upon,  and  the  amount  of  storage  neces- 
sary, if  any,  having  been  calculated,  there  remains  the  problem 
of  conducting  this  to  the  consumer  and  distributing  it  in  such 
quantities  as  shall  be  necessary,  and  under  the  necessary  head. 

The  methods  of  bringing  the  water  from  its  source  to  the 
point  of  utilization  may  be  divided  into  two  general  classes 
— Gravity  and  Pumping  Systems.  In  the  former  the  eleva- 
tion of  the  source  above  the  point  of  utilization  is  so  great 
that,  if  proper  conduits  be  provided,  the  water  will  flow  by 
gravity  from  the  former  to  the  latter  and  supply  also  the 
pressure  head  necessary.  In  pumping  systems  the  source 
has  not  sufficient  elevation  to  provide  this  flow  and  pressure,  and 
the  water  must  be  raised  or  given  sufficient  pressure  by  some  form 
of  pump.  The  source  may  be  higher  than  any  point  of  utiliza- 
tion, and  pumping  still  be  necessary  to  overcome  friction,  to 
raise  the  water  over  an  intervening  ridge  or  other  elevation,  or 
to  give  increased  pressure. 

The  several  parts  of  a gravity  system  can  be  classified  accord- 
ing to  their  functions  under  four  heads:  (i)  The  head  works, 
or  those  by  which  the  water  is  intercepted  or  obtained,  treated 
to  improve  the  quality  if  necessary,  and  introduced  into  the 
main  conduit.  (2)  The  main  conduit,  which  carries  the  water 
from  the  source  to  the  distribution  system.  (3)  The  distribu- 
tion system,  consisting  of  the  various  main  and  lateral  pipes  or 
other  conduits,  with  their  appurtenances,  through  which  the 
water  is  distributed  to  the  consumers.  (4)  Regulating  works, 
such  as  reservoirs  or  standpipes,  by  which  the  head  on  the 
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distribution  and  the  amount  of  water  constantly  available 
are  determined  and  controlled.  The  last  may  be  intimately 
connected,  structurally,  with  either  of  the  other  three. 

Art.  47.  Head  Works 

The  essential  parts  of  the  head  works  of  any  gravity  system 
are  a dam  (unnecessary  in  a very  few  cases),  forming  a large 
impounding  reservoir  or  one  of  smaller  size  down  to  a mere  intake 
basin;  and  works  for  controlling  the  entrance  of  water  into  the 
main  conduit.  The  amount  of  storage  required  has  already 
been  briefly  discussed  (Art.  37)  and  will  be  considered  more  in 
detail  under  the  head  of  “ Designing,”  Chapter  XIV.  This 
storage  may  be  obtained  in  the  impounding  reservoir,  or  partly 
in  this  and  partly  in  other  storage  reservoirs  and  distributing 
reservoirs.  In  general  the  aim  should  be  to  locate  the  storage 
where  it  will  furnish  abundant  head  on  the  distribution  system, 
suffer  a minimum  loss  by  seepage  and  evaporation,  be  least  sub- 
ject to  pollution,  and  be  obtainable  at  the  least  cost.  Other 
minor  considerations  also  will  require  attention  in  some  cases, 
such  as  danger  of  breaks  in  the  main  conduit  owing  to  wash- 
outs at  stream  crossings,  land  slides,  etc.  These  will  be  con- 
sidered under  the  hea&s  of  “Main  Conduit  ” and  “ Regulating 
Works.” 

When  it  is  not  necessary  to  store  water  in  order  to  obtain 
a continuous  supply,  storage  reservoirs  may  be  omitted,  and  the 
impounding  reservoir  may  be  reduced  to  a slight  damming  up 
of  the  stream  (which  is,  in  most  gravity  supplies,  a small  one) 
to  furnish  sufficient  depth  and  decreased  velocity  for  the  proper 
in  taking  of  the  water  and  to  facilitate  excluding  sand  and  gravel 
from  the  conduit. 

An  impounding  reservoir,  which  generally  serves  as  a storage 
reservoir  also,  is  located  on  the  course  of  the  stream  or  streams 
furnishing  this  supply;  and  in  most  cases  is  formed  by  placing  a 
dam  across  a valley.  If  the  valley  above  this  point  be  long  and 
narrow,  the  reservoir  will  be  of  this  shape;  and  in  many  cases 
two  or  more  valleys  of  contributing  streams  are  united  in  one 
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reservoir;  but  if  a natural  basin  can  be  found  at  a convenient 
elevation  and  location,  this  is  to  be  preferred.  It  is  desirable 
that  the  enclosing  hills  be  steep,  and  that  the  valley  be  narrow 
where  the  dam  is  to  be  located,  to  avoid  shallow  water  and  expen- 
sive construction,  but  these  conditions  are  not  always  obtain- 
able. A basin  or  valley  with  little  slope  longitudinally  will 
provide  a given  amount  of  storage  with  less  height  of  dam  than 
one  with  a steep  channel,  and  is  for  this  reason  preferable.  The 
geological  formation  should  be  such  that  there  may  be  no  loss 
of  water  by  leakage  under  or  around  the  dam  or  into  another 
watershed. 

The  quantity  of  yield  increases  with  the  size  of  catchment 
area  draining  to  the  reservoir,  and  this  increases  as  the  dam  is 
moved  down-stream.  But  it  is  desirable  that  the  reservoir 
be  sufficiently  high  up  the  valley  to  enable  the  water  to  flow 
to  the  point  of  utilization,  and  also  to  furnish  the  desired  head  of 
water  at  this  point.  The  distance  from  this  point,  and  hence 
the  cost  of  the  conduit,  it  is  desirable  to  make  a minimum. 
Each  of  these  conditions  should  be  given  due  weight  in  choosing 
the  location  of  the  reservoir. 

The  first  consideration  should  be  maintaining  the  quality  of 
the  supply,  the  next  the  quantity.  A sufficient  head  to  avoid 
pumping  should  be  aimed  at;  and  this  it  may  sometimes  be 
desirable  to  obtain  by  constructing  two  or  more  reservoirs 
rather  than  by  pumping  from  one  at  a lower  elevation. 

The  location  of  the  dam  with  reference  to  its  stability  is 
a matter  of  great  importance.  Sound  bed-rock  at  or  near  the 
surface  is  desirable;  or  a thick  bed  of  hardpan  or  clay,  if  an 
earth  embankment  is  to  be  used.  The  distance  away  of  mate- 
rials for  constructing  the  dam  and  convenience  of  transporta- 
tion are  important  financial  considerations. 

In  deciding  upon  the  exact  location  of  the  dam,  cost  will 
generally  be  the  controlling  consideration.  The  elevation  of 
the  crest  having  been  decided  upon,  that  location  is  then  best 
which  requires  the  least  expense  for  excavation  and  construc- 
tion; and  this  is  generally  when  the  least  quantity  of  material 
is  required  for  construction.  To  decide  this  point,  an  accurate 
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contour-map  should  be  made  of  the  surface  of  the  ground 
and  of  the  rock  or  hardpan  down  to  which  the  dam  is  to  extend, 
and  the  approximate  quantities  required  for  several  trial  loca- 
tions calculated;  unless  one  location  appears  by  inspection  to 
be  undoubtedly  the  best.  In  many  cases  a straight  dam  at 
the  narrowest  point  is  the  best  location;  but  conditions  of 
topography  are  frequently  met  with  which  make  more  econom- 
ical a dam  whose  center  line  is  curved  up-stream,  or  contains  an 
angle.  A detour  may  sometimes  be  desirable,  also,  to  avoid  a 
fault  in  the  rock  bottom;  and  a curve  adds  to  the  stability  of  a 
masonry  dam. 

Art.  48.  Impounding  and  Storage  Reservoirs 

The  relation  between  area  and  depth  and  the  general  shape 
of  the  reservoir  must  ordinarily  depend  upon  the  topography 
of  the  country;  but  the  more  regular  the  shore  line  the  better, 
since  small  depressions  in  this  are  apt  to  cause  stagnation  of  the 
water,  and  since  in  general  shallow  water  and  consequent 
danger  from  organic  growths  increase  with  the  length  of 
shore. 

Shallow  water  not  only  encourages  the  growth  of  algae  and 
other  vegetable  organisms  by  admitting  light  and  heat  to  the 
bottom  and  more  polluted  layers  of  water,  but  it  also  in  summer 
causes  the  average  temperature  of  the  water  to  be  higher.  On 
the  other  hand,  the  deeper  layers  are  apt  to  become  stagnant 
in  summer  (see  Art.  34)  below  a depth  of  10  to  20  feet.  The 
depth  of  non-stagnation  can  be  increased  by  increasing  the 
exposure  to  winds,  as  by  clearing  the  shores  of  timber  for  some 
distance  back  from  the  reservoir;  but  this  would  also  increase 
the  evaporation  (which  is  largely  affected  by  wind)  and  the 
amount  of  sediment  washed  into  the  reservoir  by  storms,  and 
is  not  to  be  recommended.  With  a given  storage  capacity, 
decrease  in  depth  also  means  increased  surface  area  and  conse- 
quent loss  by  evaporation.  A deep  reservoir  is  hence  advisable 
for  all  reasons  except  the  formation  of  a stagnant  layer,  which 
may  pollute  the  whole  reservoir  when  the  water  “ turns  over  ’’ 


IMPOUNDING  AND  STORAGE  RESERVOIRS 


199 


in  October  or  November.  If  the  reservoir  water  contains  little 
organic  matter  or  unoxidized  nitrogen,  this  objection  is  reduced 
to  a minimum,  and  this  condition  of  water  should  be  obtained 
when  possible. 

It  is  difficult  to  prevent  the  growth  of  large  amounts  of 
plants  and  other  vegetable  organisms  in  water  which  is  less 
than  4 or  5 feet  deep;  and  it  is  therefore  advisable  that  as  little 
as  possible  of  the  reservoir  water  have  less  than  this  depth  for  any 
length  of  time.  This  requires  that  the  shores  should  all  be  steep 
down  to  a depth  of  5 or  more  feet  below  the  ordinary  water 
surface,  and  that  all  irregularities  in  the  bottom  which  would 
cause  shallows  under  any  ordinary  stages  of  water  be  removed. 
An  ideal  reservoir  would  be  approximately  oval  in  shape,  with 
nearly  vertical  retaining-walls  along  the  shores  reaching  a depth 
of  10  feet  or  more,  the  bottom  rapidly  reaching  the  maximum 
depth  of  20  or  more  feet,  at  which  depth  it  would  have  a 
uniform  flat  surface.  Paved  slopes  are  generally  substituted  for 
vertical  walls  To  save  expense;  and  the  oval  form  can  be  only 
distantly  approximated  in  practice. 

The  prevention  of  pollution  of  water  by  surface  impurities 
has  already  been  alluded  to.  It  is  equally  necessary  to  pre- 
vent pollution  of  the  water  while  in  the  reservoir.  This  pol- 
lution may  come  from  the  reservoir  itself  or  reach  the  reservoir 
from  the  outside.  The  first  is  generally  due  to  the  improper 
cleaning  of  the  reservoir  before  filling.  Any  organic  matter  that 
may  be  in  the  bottom  of  the  reservoir  decomposes  slowly  and 
the  resulting  nitrogen  often  supports  vast  quantities  of  algae. 
Many  reservoir  sites  have  been  cleared  merely  by  cutting  down 
the  trees  and  bushes,  leaving  stumps,  roots,  grass,  and  other 
vegetable  matter;  but  the  majority  if  not  all  of  such  reservoirs 
for  years  afterward  give  trouble*  by  the  pollution  of  the  water 
due  to  the  decomposition  of  this  matter.  All  stumps  should  be 
removed.  Pockets  of  muck  should  be  cleared  out,  or,  if  they  are 
very  deep,  only  the  top  8 or  10  feet  need  be  removed,  and  the 
holes  should  then  be  refilled  with  clean  sand  or  gravel.  As  to 
stripping  the  soil  from  the  reservoir  site,  see  Art.  38. 

All  buildings  should  of  course  be  removed  from  a reservoir 
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site,  and  all  organic  wastes  deposited  there  by  former  residents. 
Privies  in  particular  should  be  cleaned  out  and  the  soil  for  some 
distance  around  them  be  removed,  the  excavation  being  then 
disinfected  and  refilled  with  clean  gravel  and  sand,  or  earth  free 
from  organic  matter.  Care  should  also  be  taken  that  the  soil 
is  not  polluted  by  the  workmen  that  construct  the  reservoir; 
to  prevent  which,  closets  should  be  provided  below  the  dam  site 
and  the  workmen  compelled  to  use  them. 

It  would  be  desirable  to  provide  a concrete  or  similar  arti- 
ficial bottom  for  a storage  reservoir,  but  the  cost  involved  renders 
this  impracticable;  although  a thin  bituminous  covering  similar 
to  a sheet  asphalt  pavement  has  been  proposed  for  a large  reser- 
voir to  reduce  seepage. 

Pollution  from  outside  the  reservoir  may  be  from  human 
beings  defecating  upon  the  banks  or  swimming  in  the  waters; 
from  organic  matter  deposited  therein  through  malice  or  ignor- 
ance; and  from  leaves  and  organic  dust  blown  into  the  water. 
(It  is  of  course  assumed  that  no  stables,  piggeries,  or  out- 
houses will  permitted  around  the  reservoir.)  No  picnics, 
bathing,  or  loitering  around  the  banks  of  the  reservoir  should  be 
permitted;  to  insure  which  a watchman  should  be  constantly 
on  hand.  (It  may  be  desirable,  however,  to  permit  driving 
around  the  reservoir.)  To  better  permit  watching  the  reser- 
voir banks,  and  also  to  prevent  leaves  from  falling  into  the  water, 
it  is  well  to  clear  all  trees  and  other  vegetation  from  a space  25 
to  100  feet  wide  all  around  the  reservoir. 

The  water  entering  the  reservoir  should  bring  as  little 
matter  in  suspension  as  possible.  For  this  reason,  if  the  stream 
have  considerable  volume  and  velocity  it  may  be  desirable  to 
provide  a settling-basin  at  its  entrance  into  the  reservoir; 
generally  by  constructing  a submerged  weir  across  the  reservoir 
from  bank  to  bank  near  the  mouth  of  the  stream.  Such  basin 
must  be  cleaned  out  at  intervals. 

The  conduit  must  receive  water  from  the  reservoir  in  such 
a way  that  there  is  no  loss  by  leakage;  that  the  mouth  of  the 
conduit  can  be  tightly  closed  if  desired;  that  no  gravel,  sand, 
leaves,  fish,  ice,  or  other  matter  except  water  can  enter  it,  and 
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that  the  water  can  be  drawn  from  different  elevations  above  the 
reservoir  bottom  at  pleasure. 

It  must  also  be  possible  to  draw  off  and  waste  the  water 
from  the  bottom  of  the  reservoir  when  this  is  to  be  cleaned 
or  repaired;  or,  as  is  sometimes  desirable,  to  remove  the  bottom 
layers  of  stagnant  water  just  before  the  turn-over.”  These 
requirements  are  usually  met  by  carrying  pipes  through  the  dam 
at 'the  lowest  point,  and  providing  a gate  house  in  which  are 
valves  by  which  the  flow  through  these  pipes  is  controlled,  and 
screens  to  intercept  suspended  matters. 

Spillways.  If  the  reservoir  should  be  approximately  full  at 
the  time  of  a rainstorm,  the  run-off  from  this  would  need  to 
overflow  and  be  wasted.  Provision  for  this  is  one  of  the  most 
important  details  of  reservoir  designing,  and  insufficient  allow- 
ance for  it  has  caused  more  damage  and  loss  of  life  than  all 
other  reservoir  details  combined.  This  waste  water  can  of 
course  be  allowed  to  flow  over  the  whole  length  of  the  dam 
creating  the  reservoir,  but  this  is  not  permissible  in  the  case 
of  an  earthen  dam,  and  requires  a most  substantial  construc- 
tion along  the  whole  foundation  and  front  of  a masonry  or 
timber  one.  For  these  reasons  the  waste  water  is  usually 
provided  for  by  a spillway  or  waste  weir. 

A waste  weir  in  the  center  or  side  of  a dam  is  frequently 
used,  being  practically  but  a part  of  the  dam  whose  top  is 
lower  than  that  of  the  remainder  and  whose  construction  is 
more  substantial.  The  waste  water  flows  from  this  to  the  bed 
of  the  original  stream.  A spillway  is  frequently  provided  in 
the  bed-rock  at  one  end  of  the  dam,  a channel  being  cut  in  the 
rock  at  such  elevation  as  to  permit  the  water  to  overflow  at  the 
desired  level.  Where  applicable,  this  method  is  generally 
preferable  to  a weir.  A side  spillway  is  practically  a continuation 
of  the  dam  along  one  side  of  the  reservoir  by  a low  wall  whose  top 
serves  as  the  weir,  the  waste  water  flowing  along  a channel 
between  this  and  the  ground  outside  the  reservoir.  This 
construction  is  practicable  only  when  rock  is  found  near  the 
spillway  level  along  one  side  of  the  reservoir,  to  serve  as  founda- 
tion for  the  wall  and  bed  for  the  waste-water  channel. 
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In  some  instances  the  spillway  is  entirely  separate  and  at 
some  distance  from  the  dam,  being  placed  in  a depression  or 
“ saddle  ” in  the  surrounding  hills,  to  which  the  water  is  raised 
by  the  dam.  A low  masonry  waste  weir  at  this  point  will  then 
suffice,  and  all  danger  from  wash  at  the  toe  of  the  dam  will  be 
avoided,  the  water  being  discharged  into  another  valley.  This 
plan  cannot  often  be  adopted,  but  where  practicable  is  an  admir- 
able one.  In  a few  cases  a tunnel  in  the  mountain  around 
one  end  of  the  dam  has  been  provided  to  serve  as  a spillway 
and  prevent  wash  at  the  toe  of  the  dam. 

The  waste-weir  or  spillway  should  be  constructed  in  the 
most  substantial  manner  to  withstand  the  shock  of  the  over- 
flow from  the  greatest  floods.  Its  top  must  be  designed  to 
receive  the  blows  from,  and  to  pass  over  its  crest,  ice,  logs, 
or  any  other  matter  brought  down  by  the  flood.  It  must 
so  provide  for  the  passing  of  all  water,  ice,  and  floating  matter 
without  any  possibility  of  failure  or  of  choking  up,  that  the 
water  in  the  reservoir  can  never  under  any  condition  reach 
the  top  of  the  dam. 

The  length  of  a spillway  and  the  depth  of  water  to  flow 
over  it  demand  careful  consideration.  The  elevation  of  the 
top  of  the  spillway,  and  not  that  of  the  dam,  decides  the  eleva- 
tion of  the  water  surface  in  the  reservoir  and  hence  the  amount 
of  storage  provided.  This  elevation  then  is  the  starting-point. 
The  water  should  never  reach  such  a level  that  its  waves  can  rise 
above  the  top  of  the  dam,  which  must  therefore  be  higher  than  the 
spillway  by  an  amount  equal  to  the  greatest  depth  of  water  on  the 
spillway  plus  the  greatest  height  of  waves  possible.  If  the  dam 
be  long,  this  additional  height  will  add  considerably  to  the 
expense;  and  to  keep  it  at  a minimum,  the  depth  of  water 
on  the  spillway  must  be  decreased  by  increasing  its  length.  But 
this  may  mean  an  increased  cost  due  to  the  spillway,  which  is 
often  much  more  expensive  per  lineal  foot  than  the  rest  of  the 
dam.  ^ The  least  expensive  construction  can  orginarily  be  ascer- 
tained only  by  comparing  two  or  more  plans.  The  depth  of  flow 
over  the  spillway  during  heavy  floods  should  not  be  so  shallow  as 
to  permit  of  ice,  logs,  etc.,  stranding  there  and  forming  an 
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obstruction.  For  the  same  reason  piers,  posts,  or  other  ob- 
structions which  would  be  likely  to  catch  ice,  brush,  or  other, 
floating  matter  should  not  be  placed  in  the  spillway. 

The  depth  to  be  allowed  for  waves  will  vary  with  the  length 
of  the  reservoir  and  consequent  'sweep  of  wind  possible.  Steven- 
son gives  the  formula 

ff  = i.5VZ+(2.s-^I), 

in  which  H is  the  maximum  height  of  wave,  in  feet,  and  L is 
the  length  of  the  reservoir,  in  miles.  If  the  reservoir  be  ^ mile 
long,  this  formula  would  give  2J  feet  as  the  maximum  height 
of  waves;  and  if  2 miles  long,  3^  feet.  Two  feet  is  the  least 
which  should  ever  be  assumed  for  wave  height. 

In  calculating  the  capacity  of  a spillway — that  is,  the  maxi- 
mum rate  of  run-off  from  any  storm — the  method  outlined 
in  Art.  36  is  recommended,  rather  than  any  of  the  formulas. 
The  Melzingah  (N.  Y.)  dam,  which  failed  by  overflowing  in 
July,  1897,  had  a spillway  which,  calculating  by  any  of  the  for- 
mulas, was  sufficient  for  its  drainage  area  of  i.i  square  miles, 
but  which  proved  its  practical  insufficiency. 

It  will  generally  be  desirable  to  calculate  the  run-off  from 
maximum  rates  of  precipitation  for  10,  20,  40  and  60  minutes 
on  the  drainage  area,  if  this  be  small;  and  for  i,  2,  6,  12,  and 
24  hours  if  it  be  large.  The  run-off  from  a part  of  the  area  due 
to  a short-period  rate  of  rainfall  may  be  greater  than  that  from  the 
whole  area  due  to  the  lower  rate  of  rainfall  corresponding  to 
the  longer  run-off  time  for  such  area.  By  using  these  few 
calculations  to  plot  a curve  representing  the  run-off  due  to 
maximum  precipitation  for  different  run-off  times,  the  maxi- 
mum rate  of  run-off  may  be  determined.  Given  this  rate,  the 
depth  of  flow  which  it  will  cause  over  a spillway  of  assumed 
length  and  form  may  be  calculated  by  .use  of  proper  hydraulic 
formulas. 

Art.  49.  Distributing  Reservoirs 

If  a storage  reservoir  be  at  a considerable  distance  from 
or  above  the  point  of  utilization,  a distributing  reservoir  is  fre- 
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quently  interposed  in  the  conduit  near  such  point,  to  relieve  the 
distribution  system  of  excessive  pressure,  lessen  the  liabihty  of 
interruption  of  service,  and  permit  the  discharge  of  water  at  a 
high  rate  during  short  periods.  The  effecting  of  the  first- 
named  result  by  a lower  distributing  reservoir  is  apparent.  The 
second  result  is  usually  obtained  because,  should  there  be  a break 
in,  or  other  interruption  in  the  service  of,  the  conduit  between  the 
impounding  and  distributing  reservoirs,  the  latter  would  continue 
the  supply  during  such  time  as  would  ordinarily  be  required 
to  repair  the  conduit.  A short  conduit  under  pressure  from  a 
service  reservoir  will  deliver  at  an  unusually  high  rate  with  less 
loss  of  head  than  will  a long  one,  since  the  total  loss  of  head  varies 
with  the  length;  and,  moreover,  a size  of  conduit  adapted  to  a 
given  (temporary)  high  rate  of  discharge  need  be  carried  from 
the  distributing  reservoir  only,  which  can  be  fed  by  the  con- 


tinuous flow  through  a much  smaller  one  from  the  intake, 
thus  saving  the  cost  of  making  the  latter  line  of  larger  size 
throughout.  If,  however,  the  utilization  is  continuous  and  con- 
stant in  volume,  the  last  reason  for  the  use  of  a distributing 
reservoir  is  not  applicable. 

For  example,  in  Fig.  37  a city,  A,  is  to  be  supplied  with 
water  from  a storage  reservoir,  C,  there  being  a hill,  B,  but 
one-fifth  the  distance  from  A that  C is,  which  hill  is  200  feet 
above  A and  25  feet  below  C.  A supply  for  fire  purposes  or 
other  heavy  draught  under  a loo-foot  pressure,  to  pass  which 
would  require  a 20-inch  pipe  from  B to  A,  would  require  a 
27-inch  pipe  to  bring  it  directly  from  C to  A;  while  an  average 
supply  of  one-fourth  this  amount,  which  would  probably  supply 
the  ordinary  consumption  and  keep  B full  from  day  to  day, 
would  require  between  B and  C but  a 16-inch  pipe. 
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In  addition  to  the  above  reasons,  there  is  convenience 
and  safety  in  having  complete  control  of  the  supply  to  the 
conduit  located  at  a point  near  the  city. 

The  damming  of  a valley,  when  one  admitting  of  this  is 
favorably  located,  is  the  least  expensive  method  of  forming  a 
distributing  reservoir.  In  most  cases,  however,  such  a reser- 
voir is  constructed  on  the  top  or  side  of  a hill  above  and  near 
the  point  of  utilization.  In  such  a situation  part  or  all  of  the 
sides  of  the  reservoir  are  in  most  cases  partly  or  wholly  in  em- 
bankment. Stability  and  economy  are  generally  best  obtained 
by  locating  a reservoir  on  comparatively  level  ground,  thus 
avoiding  high  embankments;  and  in  no  case  should  any  part 
of  the  bottom  of  a reservoir  be  above  the  original  ground 
surface.  The  location  should  generally  be  as  nearly  as  possible 
on  the  direct  conduit  line  from  the  storage  reservoir  to  the  point 
of  utilization,  and  near  the  latter.  Many  distributing  reservoirs 
have  been  located  within  the  limits  of  the  city  they  serve. 

The  reservoir  capacity  should  be  at  least  equal  to  the  maxi- 
mum consumption  for  two  or  three  days.  (A  capacity  equal  to 
five  days  of  maximum  consumption  plus  a ten-hour  fire  flow 
is  the  standard  of  the  National  Board  of  Fire  Underwriters.) 
It  is  desirable  to  have  tw^o  reservoirs,  or  one  divided  by  a parti- 
tion-wall, that  each  may  separately  be  emptied  and  cleaned  with- 
out interrupting  the  service.  This  also  permits  the  water  to 
stand  for  two  or  more  days  and  deposit  any  sediment  which 
it  may  contain,  the  other  reservoir  being  used  meantime;  but 
such  use  of  a distributing  reservoir  is  not  generally  desirable, 
unless  possibly  for  one  or  two  days  a year  of  muddy  water. 

In  plan  the  reservoir  is  frequently  a quadrilateral,  prefer- 
ably with  rounded  corners.  But  this  is  determined  by  econom- 
ical considerations,  the  greatest  capacity  being  obtained  at  the 
least  expense. 

Since  it  is  so  much  smaller,  a distributing  reservoir  can 
generally  be  constructed  more  as  theory  dictates  than  can  a 
storage  reservoir.  For  example,  the  banks  can  all  be  given 
a steep  slope  and  they  and  the  bottom  be  paved  throughout; 
the  reservoir  should  be  of  a considerable  depth,  there  being  no 
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“ turn-over  ” to  avoid;  it  can  be  fenced  in  and  all  pollution  from 
outside  sources  avoided;  and  is  covered  in  some  cases  to  insure 
this  and  to  preserve  a low  temperature  as  well  as  to  prevent  the 
growth  of  algae. 

A distributing  reservoir  is  fed  by  a conduit  from  the  storage 
reservoir  and  discharges  through  one  leading  to  the  distribution 
system.  It  is  provided  with  a waste-pipe  to  permit  emptying 
it,  as  well  as  gates  for  controlling  all  these.  It  should  be  per- 
fectly water-tight  and  stable,  more  particularly  when  in  the 
midst  of  or  near  an  inhabited  section. 


Fig.  38. — ^Intake  Gate  at  Headworks  of  Los  Angeles  Aqueduct,  California. 


Art.  50.  Gravity  Supplies  from  Large  Streams 

The  above  articles  have  considered  the  supply  as  being 
from  surface  water  and  small  streams  only;  but  in  some  cases 
a gravity  supply  is  obtained  from  a stream  of  such  size  that  no 
storage  is  necessary,  a part  only  of  the  ordinary  and  flood  dis- 
charges being  diverted.  A canal  or  flume  leading  from  one  bank 
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of  the  river  will  intercept  a part  of  the  flow;  but  it  is  also  neces- 
sary that  provision  be  made  for  intercepting  a large  part  or  all 
of  it  in  time  of  low  water,  for  excluding  gravel  and  the  heavier 
sediment  during  floods,  and  for  drawing  off  at  any  desired  rate 
at  all  times.  This  ordinarily  requires  a dam  which  will  retain 
all  the  flow  when  necessary,  but  pass  most  of  it  during  flood; 
and  head-gates  by  which  water  can  be  taken  into  the  conduit 
from  the  bed  of  the  river  during  low  water,  but  from  near 
the  surface  during  floods  when  the  bottom  flow  is  full  of  heavy 
sediment.  There  should  also  be  provision  for  flushing  out  the 
deposit  which  will  collect  behind  the  head-gates  and  dam,  for 
which  purpose  sluices  at  the  bottom  of  the  latter  are  desirable. 
It  is  also  necessary  to  provide  that  the  channel,  particularly 
at  low  water,  shall  pass  by  the  end  of  the  conduit,  and  this  may 
require  spur-dams,  and  a sluice  near  this  point. 

It  is  particularly  necessary  in  works  thus  situated  that  the 
foundations  and  all  portions  of  every  structure  be  of  the  great- 
est strength  and  solidity. 

Art.  51.  Open  Conduits 

A conduit  between  an  impounding  or  storage  reservoir  and 
a distributing  reservoir,  and  all  conduits  in  irrigation  systems, 
may  be  either  open  or  closed  and  follow  the  hydraulic  gradient, 
when  they  are  called  gravity  conduits;  or  they  may  be  closed 
and  rise  and  fall  with  the  surface,  being  under  internal  pressure 
due  to  their  distance  below  the  hydraulic  gradient,  when  they 
are  called  pressure  conduits.  Conduits  from  distributing 
reservoirs,  or  from  storage  reservoirs  on  city  supply  systems 
where  there  are  no  distributing  reservoirs,  must,  for  the  last 
part  of  their  length  at  least,  be  under  pressure. 

The  simplest  form  of  open  conduit  is  a canal  excavated 
in  the  earth.  To  avoid  loss  by  seepage,  this  is  frequently 
lined  with  concrete  or  other  material.  Conduits  are  also  con- 
structed of  timber,  or  of  sheet  iron  or  steel,  supported  on  the 
ground  or  on  trestles;  or  of  masonry  in  or  resting  on  the  natural 
soil  or  on  solid  embankments.  Gravity  conduits  are  carried 
across  valleys  and  streams  by  means  of  aqueducts,  and  through 
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mountains  by  tunnels.  In  some  Western  works,  gravity  con- 
duits of  concrete,  stone,  wood,  and  steel,  aqueducts,  tunnels, 
and  pressure  conduits  are  all  found  on  the  same  line. 

A canal  must  ordinarily  follow  quite  closely  the  surface 
contour  of  the  country  traversed,  having  only  such  fall  as 
will  give  the  water  the  desired  velocity.  This  may,  in  a 
mountainous  country,  lead  to  such  detours  as  to  enormously 
increase  the  length,  cost  and  head  lost.  Where  a reasonably 
straight  course  can  be  obtained,  however,  and  the  ground  is 
fairly  level  laterally  as  well  as  longitudinally,  a dug  canal  is  gen- 
erally the  cheapest.  If  the  general  longitudinal  grade  is  slightly 
steeper  than  that  permissible  for  the  canal,  an  occasional  drop 
can  be  made  in  the  latter,  either  by  a vertical  fall  or  as  rapids,  or 
the  head  can  be  consumed  by  gratings  or  contractions  in  the 
channel,  wooden  or  masonry  construction  being  used  at  these 
points. 

The  chief  objection  to  canals  is  the  great  loss  by  percola- 
tion, which  has  been  found  in  Utah  to  amount  to  20  inches 
per  day;  and  on  the  Erie  Canal  to  from  35  to  100  cubic  feet 
per  minute  per  mile  of  canal  40  feet  wide,  or  about  3 to  10 
inches  per  day.  The  following  table,  compiled  by  Prof.  L.  G. 
Carpenter  of  the  Colorado  Agricultural  Experiment  Station, 
shows  the  daily  loss  by  seepage  on  various  canals. 


Feet. 

Pleasant  Valley  and  Lake  Canal.  ...  0.66  to  5.00 

Greely  No.  3,  special  case 30.00 

North  Poudre  Lateral o . 6 to  i . 00 

Centreville  and  Kingsbury  Canals. . . 6.00 

Ejngs  River  and  Fresno  Canal 0.6  to  1.70 

Kern  County  Canals,  sandy  soil i . 00  to  2 . 00 

Kern  County  Canals,  sandy  loam.  . . 0.39  to  i .30 
Erie  Canal 0.25  to  0.80 


A long  canal  in  earth  may  lose  by  seepage  more  water  than 
it  delivers.  To  remedy  this,  much  can  be  done  by  admitting 
water  heavily  charged  with  clay  in  suspension  and  permitting 
it  to  pass  slowly  through  the  canal.  In  place  of  this,  or  if  the 
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canal  must  be  tight  from  the  beginning,  the  sides  may  be  puddled 
if  materials  for  this  are  at  hand.  If  they  are  not,  or  if  still 
greater  tightness  is  desired,  a cement  lining  may  be  given  the 
canal  (such  a lining  has  been  applied  with  the  “ cement  gun  ”), 
or  a heavier  lining  of  concrete  or  stone  masonry  may  be  used. 
Such  a lining,  by  protecting  the  soil  from  the  softening  effects 
of  water,  permits  the  use  of  steeper  slopes  when  desirable, 
thus  economizing  in  lining. 

Where  an  excavated  canal  is  not  adopted  because  of  seep- 
age, or  of  unfitness  of  the  soil,  or  because  the  transverse  slopes 
are  so  steep  as  to  require  a dangerous  amount  of  embankment, 
but  where  the  contour  can  be  followed,  one  or  both  walls  of  the 


Fig.  39. — ’Open  Canal,  Lined  with  Concrete  6 inches  Thick.  Velocity  full,  4 feet 
per  second;  Los  Angeles  Aqueduct. 

canal  are  sometimes  formed  of  masonry,  the  bottom  of  the  canal 
being  either  bed-rock  or  concrete. 

In  place  of  a canal,  an  open  conduit  or  flume  of  wood  or 
steel  is  often  used,  resting  upon  the  leveled  ground  where 
possible,  but  often  upon  trestles  or  embankments.  These 
can  be  made  practically  tight,  thus  permitting  no  loss  of  water 
except  that  due  to  evaporation. 

When  the  flume  rests  upon  a level  bench  cut  into  a hillside 
it  is  called  a bench-flume.  A flume  should  never  rest  upon  an 
embankment,  which  is  sure  to  settle  somewhat;  and  a bench- 
flume  must  be  water-tight  if  resting  upon  earth,  as  any  erosion 
of  this  caused  by  leakage  would  be  fatal. 

For  crossing  valleys  at  the  hydraulic  gradient,  trestles  or 
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Fig.  40. — Open  Canal  Lined  with  Concrete,  Santa  Ana  Canal,  California. 
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Fig.  41. — Bench  Flume;  Colorado. 
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Fig.  42. — Conduit  on  Trestle. 
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aqueducts  are  most  frequently  used.  The  name  aqueduct  is 
generally  given  to  a valley  crossing  of  some  magnitude  and  of 
substantial  construction,  as  of  masonry.  High  Bridge,  New  York, 
is  an  excellent  example  of  this. 

The  longer  water  remains  in  an  open  conduit  the  greater 
the  loss  by  evaporation,  and  by  seepage  if  the  banks  are  porous. 
For  this  reason,  and  to  prevent  the  growth  of  weeds  in  earth 
channels,  considerable  velocity  is  desirable,  reducing  the  cross- 
section  dimensions;  and  is  necessary  also  if  the  depositing 
of  silt  in  the  canal  is  to  be  prevented.  But  if  the  velocity 
become  too  great,  the  earth  is  eroded,  or  the  metal,  wood,  or 
masonry  abraded  by  the  sand  or  gravel  carried.  Also,  since 
velocity  is  obtained  at  the  expense  of  head,  a high  velocity 
may  cause  too  much  fall  in  the  canal  and  lowering  of  the  pres- 
sure head  at  the  point  of  utilization. 

The  growth  of  weeds  may  ordinarily  be  prevented  by  a 
velocity  of  2 to  3 feet  per  second;  and  this  velocity  will  also 
prevent  the  deposit  of  such  matter  in  suspension  as  should 
properly  be  let  into  even  an  irrigation  canal.  Light  or  sandy 
soil  is  likely  to  be  eroded  by  a velocity  of  2 feet  or  more;  in 
firm  loam  or  clay  a velocity  of  3 feet  is  permissible;  in  brick- 
work, wood,  or  sheet-metal  flumes  a velocity  of  5 or  6 feet  may 
be  allowed;  but  if  the  velocity  exceed  this  a substantial  con- 
struction of  hard  stone  masonry  should  be  provided,  or  steel 
or  wood  if  no  gritty  matter  is  carried  in  suspension. 

The  grades  which  will  give  these  velocities,  in  either  an 
open  or  a closed  conduit,  depend  upon  the  size,  form  of  channel, 
and  character  of  the  wetted  surface,  and  may  be  calculated  by 
the  proper  hydraulic  formulas. 

The  area  of  cross-section  of  the  canal  must  be  greater  than 
the  quotient  obtained  by  dividing  the  maximum  amount  to 
be  delivered  per  second,  in  cubic  feet,  by  the  velocity  of  flow 
in  feet  per  second;  the  banks  being  at  least  12  to  18  inches 
higher  than  the  highest  water  surface.  Also  at  any  point  the 
canal  must  have  capacity  for  carrying  the  amount  to  be  de- 
livered at  the  lower  end,  plus  the  probable  loss  by  seepage  and 
evaporation  between  there  and  the  point  in  question. 
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Recognition  must  be  taken  of  the  fact  that  consumption 
in  cities  is  not  uniform  throughout  the  year,  but  may  be  25  to 
50  per  cent  greater  than  the  average  for  one  or  even  several  days 
at  a time  in  the  summer,  when  the  evaporation  and  seepage  also 
are  greater.  The  amount  designed  to  be  carried  by  the  canal 
will  be  based  upon  these  conditions,  being  at  least  50  per  cent 
greater  than  the  average  daily  consumption,  aside  from  the 
evaporation  loss.  Such  variations  as  last  for  a few  hours  only 
will  be  provided  for  by  the  distributing  reservoir  if  there  is  one. 

In  case  more  water  were  admitted  to  an  open  conduit  than 
was  being  taken  at  the  lower  end,  the  banks  or  sides  of  the  con- 


Fig.  43. — Covered  Concrete  Conduit  in  Excavation,  Los  Angeles  Aqueduct. 

Velocity  full,  4.6  feet  per  second. 

duit  would  be  overflowed,  which  would  in  most  cases  be  dis- 
astrous. To  prevent  this,  provision  is  made  to  remove  the 
surplus  water  by  specially  constructed  overflows,  called  waste- 
weirs  or  waste-ways,  placed  at  intervals  along  the  line.  These 
must  not  only  allow  all  water  rising  above  a certain  level  to 
escape,  but  must  provide  a channel  for  carrying  off  the  water 
without  endangering  the  stability  of  the  conduit. 

In  some  cases  no  artificial  conduit  is  constructed  below 
the  storage  reservoir,  but  the  discharge  (regulated  in  quantity 
from  time  to  time  according  to  the  demand)  is  conducted  in 
the  original  channel  of  the  stream  to  a distributing  reservoir, 
another  storage  reservoir,  or  a conduit  intake. 


CLOSED  CONDUITS 


215 


Art.  52.  Closed  Conduits 

Closed  conduits  are  provided  to  eliminate  danger  of  pollu- 
tion, loss  by  evaporation,  and  variation  of  temperature;  but 
espedally  to  permit  carrying  the  conduit  below  the  hydraulic 
gradient,  where  it  would  receive  internal  pressure  and  must  be  of 
a construction  to  resist  this.  Masonry  conduits  can  do  so  to 
but  a very  limited  extent,  and  are  hence  adapted  to  those  loca- 


Fig.  44.— Covering  Conduit  with  Concrete  Roof  to  Prevent  Slides  Filling  It, 
Los  Angeles  Water  Works. 


tions  only  which  follow  exactly  along  the  hydraulic  gradient. 
If  such  location  requires  considerable  cutting,  tunneling,  em- 
■ bankments,  trestles  or  masonry  bridges,  and  other  expensive 
work,  metal  or  wooden  conduits  able  to  resist  internal  pressure 
are  ordinarily  employed,  laid  to  follow  the  surface  along  a more 
direct  route.  Where  the  amount  of  water  carried  is  very  con- 
siderable, a trestle  or  even  a masonry  aqueduct  may,  however, 
be  cheaper  than  a pressure  conduit  which  rests  upon  or  in  the 
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surface  at  all  points.  A masonry  conduit  is  in  some  cases 
made  to  resist  internal  pressure  by  constructing  it  as  the  lining 
of  a tunnel  in  rock,  the  pressure  being  received  and  resisted 
by  the  rock. 


Fig.  45. — Steel  Pressure  Conduit,  Jawbone  Siphon,  Los  Angeles  Aqueduct. 


The  majority  of  pressure  conduits  are  constructed  of  steel 
plates  or  wood  staves  for  the  larger,  and  cast  iron  for  the  smaller 
sizes.  Reinforced  concrete  has  been  used  for  heads  up  to  100 
feet.  The  first  pipes  used  in  this  country  were  of  bored  logs. 


CLOSED  CONDUITS 


217 


and  spruce-log  pipes  eighty-five  years  old  have  been  found  in 
good  condition. 

When  closed  conduits  are  not  under  pressure,  their  size  and 


Fig.  46. — Reinforced  Concrete  Pipe  for  Pressure  Conduit,  Baltimore  Water  Works. 


grade  are  calculated  as  in  the  case  of  open  ones;  and  over- 
flows or  waste  weirs  are  similarly  provided.  When  under 


Fig.  47. — Side  View  of  74-inch  Wood  Stave  Pipe. 


pressure,  they  must  always  flow  full,  and  the  formulas  for  flow 
in  pipes  are  applied.  No  waste  weirs  are  then  necessary 
except  at  the  head-works;  but  flushing-out  gates  should  be 
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provided  at  the  low  points  for  removing  sand  and  other  deposits, 
and  air  outlets  and  inlets  at  the  high  points. 

The  pressure  to  be  resisted  by  the  tensile  strength  of  the 
walls  of  the  conduit  at  any  point  is  the  hydostatic  pressure  due 
to  the  difference  in  elevation  of  the  conduit  at  this  point  and  of 
the  water  in  the  open  conduit  or  reservoir  at  its  head.  This 
pressure  is  not  attained  when  the  water  is  flowing,  but  only 
when  a gate  at  the  lower  end  of  the  pressure  conduit  is  closed. 
When  flowing,  the  pressure  head  equals  the  vertical  distance 
between  the  conduit  and  the  hydraulic  gradient,  and  this  is  the 
maximum  pressure  to  be  provided  for  if  there  be  no  gate  at  the 
lower  end  of  the  pressure  conduit,  or  if  an  overflow  be  provided 
there  at  the  level  of  the  hydraulic  gradient. 

Both  wood-stave  and  riveted-steel  pipes  have  been  con- 
structed 72  inches  in  diameter  and  may  be  made  yet  larger. 
Rock  tunnels  can  be  made  of  any  size. 

Table  No.  34 

SOME  CLOSED  CONDUITS 


Location. 

Material. 

Dimensions, 

Inches. 

Length, 

Miles. 

Veloc- 
ity of 
Flow, 
Ft.  per 
Sec. 

Nashua,  Boston 

Masonry 

126X138 

7-0 

6zh 

Gravity 

Sudbury,  Boston 

Masonry 

108X  92 

15-9 

3 

Gravity 

Croton,  New  York;  Old 

IMasonry 

89X101.5 

2. 218 

Gravity 

Croton,  New  York;  New 

ISIasonry 

147  diam. 

29.63 

3-0 

Pressure 

Baltimore,  Md 

Masonry 

144  diam. 

7.0 

Pressure 

Denver,  Colo 

Wood 

30  diam. 

18.00 

Pressure 

Caldwell,  Idaho 

Wood 

54  diam. 

0.13 

Pressure 

Bear  Valley,  Cal 

Wood 

52  diam. 

0.41 

Pressure 

Ogden,  Utah 

Wood 

72  diam. 

5-10 

8-75 

Pressure 

Ogden,  Utah 

Steel  plate 

72  diam. 

0.87 

8-75 

Pressure 

Newark,  N.  J 

Steel  plate 

48  diam. 

21.00 

5-0 

Pressure 

Rochester,  N.  Y | 

Steel  plate 

60  diam. 

0.30 

Pressure 

Cast  iron 

30  diam. 

20. 

Pressure 

Coolgardie,  Australia 

Steel  plate 

30  diam. 

328.0 

1.9 

Pressure 

The  Catskill  and  Los  Angeles  aqueducts  contain  concrete-lined  tunnels, 
gravity  concrete  aqueducts,  steel  pipes,  inverted  siphons  and  other  structures  of 
various  sizes,  too  numerous  to  tabulate  in  detail,  several  of  which  have  been  illus- 
trated in  the  previous  pages. 
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Art.  53.  Location  of  Conduits 

The  location  of  a conduit  when  the  loss  of  a few  feet  of 
head  is  not  important  is.  largely  a matter  of  economy.  When 
every  available  foot  of  head  must  be  preserved,  however,  the 
alignment  must  be  approximately  straight  and  the  grade  as 
light  as  will  give  the  desired  velocity.  To  avoid  excessive 
evaporation  at  low  velocities,  and  to  permit  following  the 
irregularities  of  surface  in  an  air-line  location,  closed  conduits, 
in  many  or  most  places  under  pressure,  are  used.  There  may 
be  locations  where  the  loss  of  head  in  passing  around  a basin  or 
pocket  will  be  less  than  in  going  directly  across  it  with  a deep 
loop  or  inverted  siphon.  A true  siphon  is  to  be  avoided  where 
possible,  although  a number  of  these  are  in  use. 

If' the  question  is  one  of  cost  only,  a more  circuitous  line 
is  frequently  preferable.  Although  longer,  it  may  avoid  deep 
cuts  and  tunnels,  may  be  of  gravity  section  for  most  of  its  length, 
may  have  considerable  fall  and  hence  smaller  cross-section,  and 
deep  inverted  siphons,  calling  for  strong,  high-pressure  conduits, 
may  be  avoided.  In  many  instances,  however,  deep  cuts, 
tunnels,  or  inverted  siphons  may  be  the  less  expensive.  Esti- 
mates of  cost  for  different  routes  must  generally  be  made  for 
each  section  to  determine  the  most  desirable  location. 

Sharp  curves  should  be  avoided,  since  they  cause  loss  of 
head  and  erosion  of  the  outer  banks  of  canals.  In  general 
the  minimum  radius  of  curvature  of  the  inner  side  of  a con- 
duit should  be  at  least  two  or  three  times  the  product  of  the 
depth  of  water  and  the  velocity  of  flow  in  feet  per  second. 

Streams  should  always  be  crossed  at  a safe  distance  beneath 
their  beds  or  above  their  highest  flood-lines. 

Swamps  and  other  soils  affording  poor  foundations  should 
be  avoided  if  possible;  if  not,  artificial  foundations  must  be 
carried  down  to  rock  or  firm  soil. 

Art.  54.  Distribution  Systems 

The  distributing  system  of  a city  supply  is  always  com- 
posed of  pressure  pipes.  The  pressure  varies,  in  this  country, 
between  lo  and  200  pounds,  with  perhaps  exceptional  cases 
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greater  than  this.  The  great  majority  lie  between  50  and  15c 
pounds.  The  static  pressure  in  any  part  of  a system  fed  by 
reservoir  is  that  due  to  the  difference  in  elevation  of  such  point 
and  the  level  of  water  in  the  distributing  reservoir.  The  pres- 
sure, in  pounds  per  square  inch,  equals  0.434  times  this  differ- 
ence of  elevation,  in  feet.  All  portions  of  a distribution  system 
must  be  designed  to  withstand  the  static  pressure,  plus  pressure 
due  to  water  hammer.  (See  Art.  80). 

The  two  chief  objects  of  a city  water-supply  system  are: 
to  furnish  water  for  domestic,  manufacturing,  and  similar 
purposes,  and  to  afford  fire  protection.  Use  is  also  made  of 
it  in  sprinkling  streets  and  lawns,  flushing  sewers,  etc.  For 
these  purposes  the  distribution  system  should  reach  every 
building,  and  permit  of  placing  fire  hydrants  at  distances 
apart  of  not  more  than  500  feet  in  all  occupied  streets.  The 
filling  of  sprinkling-carts,  supplying  of  fountains,  and  flushing 
of  sewers  must  also  be  provided  for.  The  standard  of  the 
National  Board  of  Fire  Underwriters  for  distribution  of  fire 
hydrants,  in  communities  of  different  sizes,  is  as  follows: 


Fire  Flow  Required, 
Gallons  per  Minute. 

Average  Area  per 
Hydrant,  Square  Feet. 

WHERE  FIRE  ENGINES  ARE  USED 

1,000 

I 20,000 

2,000 

110,000 

3,000 

100,000 

4,000 

90,000 

5,000 

85,000 

6,000 

80,000 

7,000 

70,000 

8,000 

60,000 

9,000 

5 5 >000 

10,000 

48,000 

11,000 

43,000 

12,000 

40,000 

DIRECT  HYDRANT  STREAMS 

1,000 

100,000 

1,500 

90,000 

2,000 

85,000 

2,500 

78,000 

3,000 

70,000 

4,000 

55,000 

5,000  and  over 

40,000 
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Not  only  must  the  pipes  of  a system  reach  all  these  points, 
but  they  should  be  of  such  size  that  the  maximum  desired  rate 
of  flow  may  be  obtained  at  any  point.  It  is  desirable  that 
the  pressure  be  such  at  every  fire  hydrant  that  at  least  two 
streams  through  400  or  500  feet  of  fire  hose  may  be  thrown  to 
the  top  of  the  highest  building;  but  this  is  not  always  possible, 
especially  where  the  buildings  are  excessively  high. 

An  additional  requirement  is  that  the  pipes  and  all  attached 
appurtenances,  such  as  fire  hydrants  and  valves,  be  amply 
capable  of  withstanding  the  greatest  pressure  to  be  brought 
upon  them. 

It  is  desirable  that  all  parts  of  the  system  be  durable,  re- 
quiring to  be  renewed  only  at  long  intervals  of  time.  Also 
that  it  be  so  arranged  that  repairs,  alterations,  extensions,  or 
renewals  may  be  made,  or  breaks  occur,  at  any  point  without 
interfering  with  the  service  at  any  other  point.  All  parts  of  the 
system  should  be  easily  located  and  accessible. 

It  is  especially  desirable  that  the  quality  of  the  water  be 
not  impaired  by  any  part  or  condition  of  the  system;  and 
that  there  be  no  waste  or  leakage  at  unknown  or  inaccessible 
points. 

The  reaching  of  all  buildings  usually  requires  that  a pipe 
pass  along  one  side  of  every  lot.  This  does  not  always  necessi- 
tate laying  pipes  in  each  street,  since  in  sections  of  many  cities 
all  buildings  face  upon  one  set  of  parallel  streets,  while  those 
crossing  these  pass  but  the  sides  of  corner  lots;  in  which  case, 
if  there  are  pipes  upon  the  main  streets  only,  they  will  pass  all 
houses.  In  such  sections  of  a city  the  lengths  of  cross  streets 
included  between  the  main  streets  seldom  exceed  300  to  400 
feet,  and  if  fire  hydrants  be  placed  at  the  corners  no  inter- 
mediate ones  on  the  cross  streets,  and  hence  no  pipes,  will  be 
necessary.  The  filling  of  sprinkling-carts  and  providing  for 
sewer  flushing  and  fountains  will  seldom  require  any  pipes 
not  demanded  by  the  above  considerations. 

The  arranging  of  the  system  to  provide  for  restricting  the 
interruption  of  service  consequent  upon  repairs  and  breaks 
demands  that  a means  be  provided  for  cutting  off  any  small 
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section  of  it  from  the  rest  of  the  system.  The  smaller  the 
section  cut  off  the  less  the  inconvenience  caused.  It  is  desirable 
that  such  cutting  off  may  be  effected  quickly  in  case  of  a break 


Fig.  48. — Location  of  Mains  and  Valves. 


or  Other  accident.  This  is  generally  attained  by  inserting 
gate  valves  in  the  lines  of  the  pipes.  These  can  be  placed  at 
any  desired  distance  apart,  but  one  on  each  line  at  each  corner, 
or  at  intervals  of  500  to  750  feet  apart  where  the  blocks  are  longer 
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than  this,  is  probably  as  close  as  it  is  generally  desirable  to  place 
them.  (The  standard  of  the  National  Board  of  Fire  Under- 
writers is  such  spacing  of  gates  that  no  accident  will  require 
cutting  out  of  service  more  than  500  feet  of  main  in  a high  value 
district,  or  800  feet  in  other  sections.)  When  so  located,  not 
more  than  four  gates  need  to  be  closed  to  cut  out  any  short 
section  less  than  one  block  long.  Thus,  in  Fig.  48,  a break  at 
S would  require  the  closing  of  gates  Sit  A,  B,  C,  and  H to  exclude 
all  water  from  that  point  while  making  repairs.  The  point  T 
can  be  cut  out  by  closing  I and  /;  and  U,  by  closing  C,  Z), 
and  E.  In  neither  of  these  cases  will  any  section  except  that 
between  the  gates  named  be  deprived  of  water.  If  gates  be 
placed  on  only  every  other  corner  on  each  line,  twice  the  length 
of  pipe  will  be  put  out  of  service  by  breaks  or  repairs. 

Of  the  pipes  and  conduits  which  are  usually  placed  in  a 
street,  all  cannot  occupy  the  center.  For  several  reasons  it 
is  generally  desirable  that  the  sewers  occupy  this  position; 
and  the  water  pipe  must  therefore  be  on  one  side  of  the  center. 
Which  side  is  not  a matter  of  very  great  importance;  but  the 
morth  side  offers  the  advantage  of  being  warmer,  and  hence 
giving  less  opportunity  for  the  freezing  of  the  pipes.  The  same 
side  of  all  streets  throughout  the  city  should  be  used  for  the 
water  pipe,  however — as  the  north  and  west  sides — to  facilitate 
ready  location. 

In  order  that  the  pipe  may  be  quickly  and  readily  located, 
it  should  be  placed  at  a uniform  distance  from  some  fixed  line 
of  the  street  in  all  parts  of  the  system.  This  line  may  be  the 
center  of  the  street,  the  curb,  or  the  property  line.  The 
use  of  the  centre  line  requires  that  this  be  first  located,  thus 
more  than  doubling  the  time  and  labor  required.  When  side- 
walks are  of  different  widths  and  curbs  are  not  constructed  in 
all  streets,  the  use  of  a constant  distance  throughout  the  city 
from  either  curb  or  property  line  is  impossible  or  inadvisable. 
The  author  has  adopted,  as  a satisfactory  rule,  a distance  from 
the  property  line  of  such  multiple  of  5 feet  as  will  bring  the 
pipe  between  5 and  10  feet  from  the  curb.  The  property 
line,  usually  indicated  by  a fence  or  house  front,  is  easily  found, 
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and  there  is  little  danger  of  using  the  wrong  multiple  of  five 
for  the  distance.  For  instance,  in  a 6o-foot  street  with  12-foot 
sidewalks  the  pipe  would  be  located  20  feet  from  the  property  line. 

The  hasty  location  of  a gate  is  often  most  important,  as 
in  case  of  a break,  when  the  flow  in  that  section  must  be  stopped 
immediately  to  prevent  further  damage.  In  many  systems 
the  memory  of  the  superintendent  or  the  maps  in  the  office 
must  be  consulted  before  a gate  can  be  located,  and  if  either  or 
both  of  these  be  temporarily  lost  great  delay  and  damage  may 
result.  This  can  easily  be  avoided  by  placing  the  gates  systemat- 
ically, as  in  line  with  the  curbs,  in  the  middle  of  the  cross- 
walk, or  in  range  with  the  property  line.  The  last  named  offers 
the  most  ready  method  of  location  when  the  curb  and  cross- 
walk are  hidden  under  the  snow.  The  gates  should  be  on  a 
uniform  side  of  the  corner,  also.  In  Fig.  48,  all  pipes  being 
upon  the  north  and  west  sides  of  the  streets,  and  all  gates  on 
the  northwest  corners  and  in  range  with  and  at  a known  dis- 
tance from  the  property  or  fence  lines,  their  exact  location 
can  be  found  in  a few  seconds. 

Post  fire  hydrants  (that  is,  those  which  stand  above  the 
ground  2 to  4 feet)  can  readily  be  found  if  their  approximate 
location  is  known.  (In  winter,  snow  should  never  be  allowed  to 
cover  them,  but  they  should  be  kept  shoveled  out  and  ready 
for  instant  use.)  Flush  hydrants,  which  are  flush  with  the 
street  pavement,  should  be  located  uniformly  in  a manner 
similar  to  that  used  for  gates.  Any  other  underground  fixtures 
will  be  so  few  in  number  that  the  location  of  each  can  generally 
be  fixed  in  the  memory  as  well  as  recorded  in  the  office. 

The  maintenance  of  the  quality  of  the  water  requires  that 
all  portions  of  the  pipe,  gates,  and  other  appurtenances  which 
come  into  contact  with  the  water  shall  be  such  as  to  give  to  it 
no  taste  or  odor  or  objectionable  soluble  matter.  Some  coatings 
used  on  iron  pipes  and  gates  give  a tarry  taste  to  the  water  for  a 
short  time,  but  this  is  not  injurious  and  soon  passes  away. 
The  most  frequent  violation  of  this  principle  is  in  the  use  of 
lead  or  lead-lined  pipes,  this  metal  being  soluble  in  some  waters. 
In  general,  soft  waters  dissolve  lead  and  temporarily  hard 
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waters  do  not.  The  action  upon  a given  lead  surface  diminishes 
with  time,  but  may  be  so  considerable  as  to  cause  lead  poison-* 
ing  in  consumers.  The  only  sure  method  of  determining  whether 
a given  water  attacks  lead  is  to  test  it  by  actual  contact  with  a 
bright  lead  surface  for  several  days.  Zinc  also  is  soluble  in 
some  waters,  but  is  not  so  dangerous  to  the  human  system  as  is 
lead.  For  waters  which  attack  these  metals,  service  pipes  of 
iron  lined  with  tin  or  cement  are  recommended. 

If  the  water  contain  any  organic  matter,  its  stagnation  in 
a pipe  deprived  of  light  and  air  is  likely  to  cause  offensive 
decomposition,  although  this  matter  might  have  been  of  a 
harmless  nature.  Stagnation  also  favors  the  deposit  in  the 
pipes  of  any  mineral  matters  carried  in  suspension.  It  is 
therefore  desirable  that  the  water  in  all  parts  of  a distribution 
system  be  kept  in  motion  as  much  as  possible.  If  but  one 
house  be  located  in  the  southwest  block  of  Fig.  48,  as  at  W, 
the  water  between  it  and  the  dead-end,  V,  will  lie  stangant, 
and  if  it  become  putrid  may  contaminate  the  water  enter- 
ing TF.  Or  if  no  water  be  used  at  W for  some  time,  the  first 
to  be  drawn  may  be  unfit  for  use.  Another  objection  to  the 
dead-end  is  that  water  drawn  from  the  fire-hydrant  V must 
all  pass  through  the  pipe  FTf;  but  if  pipe  be  laid  along  the 
dotted  lines,  connecting  with  the  system  at  V,  X,  and  F, 
water  will  reach  the  hydrant  from  both  directions,  and  the 
velocity  of  flow  and  friction-head  m MV  will  be  reduced  and 
the  discharge  from  the  hydrant  increased.  For  both  these 
reasons  dead-ends  are  to  be  avoided  where  possible.  When 
they  cannot  be,  a fire  hydrant  or  other  method  of  flushing 
out  the  “ dead  ” water  should  be  provided  at  each  dead-end, 
and  opened  at  intervals  throughout  the  year. 

It  is  evident  that,  with  a system  of  pipes  in  which  the  water 
may  circulate  freely  in  all  directions,  the  proper  determination 
of  sizes  is  a matter  of  some  difficulty,  since  water  will  reach 
any  point  not  in  a dead-end  through  a number  .of  pipes,  and  not 
through  one  alone.  This  determination  will  be  considered  in 
Art.  84,  and  the  material  and  strength  of  pipes  in  the  same 
article. 
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If  there  be  considerable  difference  of  elevation  in  different 
sections  of  a city,  a desirable  pressure  head  in  the  upper  ones 
will  occasion  an  excessive  head  in  the  lower,  if  they  be  con- 
nected. This  difficulty  is  overcome  by  dividing  the  city  into 
two  or  more  districts,  each  with  its  own  distribution  system, 
and  generally  its  own  distributing  reservoir.  In  a few  cases  the 
‘‘  low  service  ” system  receives  its  supply  from  the  “ high 
service,”  but  a pressure  regulator  is  placed  at  the  junction, 
which  cuts  off  the  supply  when  the  pressure  in  the  lower  system 
exceeds  a certain  amount. 

Some  cities  have  constructed  in  the  low-service  district  a 
supplementary  fire  system  of  mains  of  extra  strength,  which  are 
connected  with  the  high  service,  and  thus  obtain  high  pressure 
for  fire  service  in  the  lower  and  business  part  of  the  city.  Still 
more  of  the  larger  cities  have  constructed  in  their  business 
districts  special  systems  of  mains  of  extra  strength  for  fire 
service,  the  extra  pressure  being  furnished  by  special  pumping 
plants. 
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PUMPING  SYSTEMS 
Art.  55.  Where  Required 

If  the  impounding  reservoir,  stream,  or  lake  forming  the  source 
of  supply  is  not  at  sufficient  elevation  to  give  the  required 
pressure  in  the  distribution  system,  in  addition  to  overcoming 
the  friction  in  the  conduit,  pumping  must  be  resorted  to.  If 
the  elevation  affords  sufficient  pressure  for  the  low-lying  part  of 
the  city,  but  not  for  higher  points,  then  the  supply  for  the  latter 
only  must  be  pumped.  Ground  waters  must  be  pumped  in  the 
great  majority  of  cases,  but  not  all.  As  a general  statement, 
subject  to  many  exceptions,  however,  impounded  surface 
supplies  do  not  need  pumping;  while  rivers,  lake,  and  ground 
waters  do. 

Since  a pump,  like  any  mechanism,  is  subject  to  interruption 
or  discontinuance  due  to  breaks  or  other  causes,  while  gravity 
never  ceases  to  act,  a gravity  supply  is  preferable  to  a pumped 
one,  other  conditions  being  equally  favorable.  Also  the  first 
cost  of  a gravity  supply  is  the  final  one  so  far  as  moving  the  water 
from  source  to  city  is  concerned,  while  pumping  involves  a con- 
tinual expense  for  power,  pump  upkeep,  and  repairs,  and  pump- 
ing station  employees. 

If  a ridge  higher  than  the  hydraulic  gradient  of  a gravity 
conduit  lies  in  the  line  of  this,  it  will  generally  be  better  to 
tunnel  this  at  or  below  the  gradient  than  to  pump  over  the  ridge. 
If  such  a tunnel  cost  less  than  a pumping  plant  plus  the  capitaliza- 
tion of  all  expenses  of  pumping  and  renewal,  it  offers  the  more 
economical  solution  of  the  problem,  as  well  as  the  more  reliable. 

Art.  56.  General  Design 

The  water  which  is  raised  by  a pumping  plant  must  pass 
through  a pressure  pipe,  or  pumping  main,  either  directly  to 
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the  point  of  utilization,  or  to  a storage  or  distributing  reser- 
voir or  standpipe.  The  first  is  called  the  direct-pumping  system. 
This  requires,  aside  from  the  distribution  system,  the  construc- 
tion necessary  to  conduct  the  water  to  the  pump;  the  pumping 
plant  and  building  in  which  it  is  housed;  and  the  pumping 
main.  The  pressure  in  a city  supply,  with  direct  pumping, 
depends  upon  that  in  the  pump  cylinders,  and  when  the  pumps 
cease  working  and  water  is  drawn  by  consumers  the  pressure 
falls,  approaching  zero.  If  the  pump  in  such  a plant  breaks 
down,  the  suppply  is  immediately  cut  off,  unless  a duplicate 
plant  be  provided.  A duplicate  plant  is  always  desirable  in 
every  pumping  system,  but  is  imperative  in  a direct-pumping 
one. 

In  pumping  to  a reservoir,  or  an  indirect-pumping  system, 
there  is  required  a reservoir,  a pumping  main  to  it,  and  a con- 
duit from  it  to  the  distribution  system.  In  some  plants  the 
pumping  main  passes  through  and  forms  a part  of  the  distribu- 
tion system,  and  also  acts  as  the  conduit  between  this  and 
the  reservoir,  the  water  passing  directly  to  the  distribution  sys- 
tem, but  being  augmented  by  that  from  the  reservoir  when  the 
amount  pumped  is  less  than  the  consumption,  and  the  surplus, 
when  it  is  greater  than  the  consumption,  passing  to  the  reservoir. 
Such  a system  is  called  a direct-indirect. 

In  the  direct-pumping  system  the  pressure  in  a city  supply 
is  made  to  vary  constantly  by  variations  in  the  rate  of  con- 
sumption which  the  rate  of  pumping  cannot  be  made  to  follow 
exactly.  Moreover  when,  as  in  the  case  of  fire,  an  unusually 
heavy  draught  is  suddenly  made,  the  pumps  may  not  meet  it 
immediately  and  the  pressure  will  fall  (and  may  even  become 
negative,  if  pumping  fire  engines  are  used)  until  the  pump  is 
speeded  up  or  another  one  thrown  into  service.  There  is, 
however,  the  advantage  that  except  during  fires  the  pressure  can 
be  kept  at  the  least  which  is  satisfactory  for  ordinary  service, 
thus  reducing  pumping  cost,  loss  from  leakage,  and  stress  on 
house  plumbing.  But  the  raising  of  pressure  (say  from  40 
to  75  pounds)  during  a fire  often  causes  breaks  due  to  deteriora- 
tion not  noticed  under  low  pressure,  and  this  and  the  possibility 
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that  boiler  trouble  or  a sleeping  engineer  may  seriously  delay 
the  increased  pumping  for  a.  fire  are  serious  objections  to  direct 
pumping. 

When,  for  want  of  an  elevated  site  or  other  reason,  a reser- 
voir cannot  be  had,  a water  column  is  frequently  introduced 
to  equalize  the  pressure ; and  if  it  be  given  considerable  size  of 
cross-section  it  will  serve  temporarily  to  supply  a deficiency  in 
pump  delivery.  Such  a water  column  generally  takes  the  form 
of  a standpipe  or  water  tank.  Where  a water  cushion  or  pres- 
sure regulator  alone  is  desired,  a tall  pipe  of  small  section  is 
used;  as  at  Wichita,  Kan.,  where  a pipe  2^  feet  in  diameter  and 
150'  feet  high  was  erected.  Where  storage  also  is  desired  the 
cross-section  area  is  considerably  increased,  as  at  Houston, 
Tex.,  which  erected  a standpipe  30  feet  in  diameter  and  150  feet 
high,  holding  144  times  as  much  water  as  the  former.  The 
standpipe  may  be  placed  at  or  near  the  pump,  or  at  some  point 
in  the  distribution  system,  the  highest  ground  in  or  near  the 
city  being  ordinarily  chosen. 

Where  there  are  two  or  more  high  areas  to  be  served,  a stand- 
pipe may  be  placed  at  the  highest  part  of  each,  and  these  be 
kept  filled  by  the  indirect  pumping  method,  while  a reservoir 
at  the  same  or  at  a lower  elevation  serves  the  lower  part  of  the 
city.  In  some  cases  a small  pumping  plant  is  located  at  a 
reservoir  which  is  filled  by  either  pumping  or  gravity,  drawing 
water  from  this  and  pumping  it  into  a standpipe  or  a higher 
reservoir  to  serve  a high-level  district.  In  a few  cases  all  the 
water  is  pumped  to  a high-level  reservoir,  and  high-level  and 
low-level  distributing  systems  are  connected  by  a pipe  in  which 
is  set  a pressure  regulator,  which  prevents  too  high  a pressure  on 
the  low-level.  Or  both  high-level  and  low-level  systems  are 
connected  to  the  same  pumping  main,  a pressure  regulator  being 
placed  on  the  connection  to  the  latter.  Such  a regulator  will 
hold  the  pressure  constant  with  a variation  of  not  more  than 
a pound  or  two.  A high-level  reservoir  will  serve  both  levels 
in  such  case.  In  one  city  two  reservoirs  on  opposite  sides  of 
a city  and  at  different  elevations  are  fed  by  direct-indirect 
pumping  from  the  same  plant,  flow  to  the  lower  being  cut  off 
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automatically  when  it  is  full;  and  at  each  of  these  reservoirs 
is  a pumping  plant  serving  an  area  higher  than  the  reservoir, 
a standpipe  being  placed  in  each. 

These  are  a few  of  the  combinations  that  can  be  made  by 
use  of  pumping  plants,  pressure  regulators,  reservoirs,  and  stand- 
pipes. Different  local  conditions  may  often  be  met  advantage- 
ously by  others. 

Where  there  is  a purification  plant  connected  with  a pump- 
ing system,  it  is  generally  necessary  to  lift  the  water  from  river 
or  lake  to  the  purification  plant  through  a vertical  height  of 
lo  to  25  feet,  special  low-lift  pumps  being  pro\dded  for  this 
purpose,  while  high-lift  pumps  supply  the  necessary  pressure 
to  the  purified  water.  Both  sets  of  pumps  are  placed  in  the 
same  building. 

Where  the  supply  is  drawn  from  wells,  also,  two  sets  of 
pumps  are  generally  necessary,  one  to  lift  the  water  to  the  sur- 
face, the  other  to  do  the  ser\dce  pumping.  The  reason  for  not 
doing  the  entire  lifting  with  one  pump  is  that  no  pump  that  can 
be  used  in  a well  has  yet  been  devised  which  can  develop  any- 
thing like  the  efficiency  of  the  pumps  used  for  ordinary  surface 
pumping  against  a high  head;  also  that  there  are  ordinarily 
several  wells.  The  relatively  small  capacity  of  the  individual 
pumps  is  also  an  obstacle  to  high  efficiency.  Where,  however, 
the  entire  supply  can  be  obtained  from  one  well  in  which  the 
water  rises  nearly  to  the  surface,  a high-iift,  high-duty  pump 
may  be  placed  in  a pump  pit  sunk  as  much  as  50  feet  below  the 
surface,  thus  avoiding  double  pumping.  There  are  a few 
localities  where  the  artesian  head  is  so  great  that  the  full  capacity 
of  the  well  (or  at  least  a sufficient  flow  therefrom)  can  be  obtained 
at  the  ground  surface  without  well  pumping;  but  ordinarily  the 
flow  can  be  so  greatly  increased  by  lowering  the  level  in  the  well 
that  this  is  more  economical  than  to  increase  the  number  of 
wells.  In  some  cases  the  ground- water  level  is  100  or  more 
feet  below  the  ground  surface,  and  then  well  pumping  is  of 
course  imperative.  (Raising  water  by  the  air  lift  is  here  included 
under  the  head  of  pumping.) 

Water  can  be  raised  by  suction  about  34  feet  theoretically. 
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but  in  practice  the  suction  lift  should  not  exceed  22  to  23  feet; 
and  if  centrifugal  pumps  are  used,  it  should  be  kept  less  than 
this.  In  general,  the  less  the  suction  lift  the  better.  If  air  leaks 
into  a suction  line,  energy  is  lost  and  pump  troubles  are  caused; 
and  it  is  difficult  to  make  a long  suction  line  perfectly  air  tight. 
For  this  reason  the  pumps  should  be  as  near  the  source  of  supply 
as  possible,  unless  the  water  can  flow  from  the  source  to  them 
by  gra\dty.  For  both  of  these  reasons,  the  location  of  the 
pumping  plant  is  more  or  less  closely  determined  by  that  of  the 
supply. 

In  the  case  of  indirect  pumping,  the  nearer  the  reservoir 
is  to  the  pump  the  shorter  the  pumping  main  and  the  less  the 
friction  loss,  and  consequently  the  greater  the  economy  and  the 
less  the  probability  of  a break  in  the  all-important  pumping 
main.  The  same  is  true  of  direct-indirect  pumping  also,  but  to 
a less  degree;  for  in  this  a large  part  of  the  distribution  system 
assists  in  carr}ing  the  water  from  pump  to  reservoir,  thus  reduc- 
ing friction  loss  and  the  effect  of  a break  in  any  one  line.  In  such 
a system  also  there  is  an  advantage  in  ha\dng  the  reservoir  on 
the  opposite  side  of  the  city  from  the  pump ; for  then,  in  case  of  a 
break  in  the  main  feeder  from  either  pump  or  reservoir,  the  other 
will  supply  the  distribution  system;  also,  a fire  far  from  the 
pump  would  probably  be  nearer  the  reservoir  and  could  be 
supplied  from  the  latter  with  much  less  loss  of  head  by  friction 
than  if  all  the  water  must  be  supplied  by  the  pump. 

The  capacity  of  the  pumping  plant  must  be  such  as  to  assure 
under  any  possible  conditions  that  the  amount  of  water  necessary 
for  maximum  consumption  can  be  supplied  at  the  desired  pressure 
at  any  time,  or  at  most  on  a few  minutes’  notice.  (The  con- 
sumption and  pressure  necessary  have  pre\iously  been  discussed.) 
This  requires  pro\dsion  for  the  breaking  down  of  any  one  pump, 
allowance  for  the  difference  between  ser\dce  and  test  efficiencies, 
for  the  increasing  friction  in  mains  with  age,  variations  in 
height  of  water  at  the  source  of  supply  or  in  the  pump  well,  and 
all  other  exigencies  of  actual  ser\dce.  The  pressure  required 
at  the  pumping  plant  to  produce  the  desired  head  at  any  given 
part  of  the  distribution  system  is  that  necessary  to  raise  the 
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water  to  the  hydraulic  gradient  calculated  by  adding  to  such 
head  the  friction  in  the  various  mains  traversed  by  the  water 
in  passing  from  the  pump  to  such  point. 

Art.  57.  Intakes 

If  water  is  drawn  from  a reservoir  or  other  deep  and  quiet 
body  of  water,  the  suction  from  the  pumps  can  pass  directly 
into  this;  or  the  water  can  be  led  by  gravity  through  a pipe  or 
open  channel  to  a pump  well.  A pump  well  is  always  preferable 
to  a long  suction.  If  the  supply  is  from  a lake,  the  same  may 
hold  true;  but  in  some  cases  it  is  desirable  to  run  the  suction 
pipe,  or  gravity  intake  pipe  to  the  pump  well,  out  to  a channel 
or  other  point  a considerable  distance  from  shore  to  avoid  local 
pollution  or  to  reach  deep  water.  Some  intakes  in  the  Great 
Lakes  are  carried  4 or  5 miles  from  shore.  In  the  case  of  a lake 
which  does  not  receive  pollution  from  along  its  banks,  the 
purer  water  is  almost  always  near  the  outlet  rather  than  the 
inlet,  on  the  windward  rather  than  the  leeward  side,  and  in  the 
channel  rather  than  in  bays  or  other  stagnant  water.  If  sewage 
or  other  foul  matter  enters  the  lake,  the  intake  should  be 
located  so  that  prevailing  winds  and  currents  travel  from  intake 
to  sewer  outlet  rather  than  \dce  versa,  and  on  the  opposite 
side  of  the  main  current  or  channel  from  such  outlet  if  possible. 
In  the  case  of  these,  and  in  fact  of  any  intake  in  deep  water, 
it  is  desirable  to  provide  at  the  end  of  the  intake  pipe  a tower 
or  crib  with  ports  at  different  elevations  so  that  water  can  be 
drawn  from  that  depth  which,  at  any  given  time,  will  be  freest 
from  impurities,  silt,  ice  or  other  objectionable  matters.  In  the 
case  of  large  lakes  or  of  deep  or  swift-flowing  rivers,  the  intake 
tower  may  need  to  be  of  heavy  masonry  on  solid  foundation  to 
resist  storms,  ice  floes,  floating  logs,  etc. 

Where  water  is  drawn  from  a river,  care  should  be  taken  to 
locate  the  intake  at  that  point  which  will  give  the  purest 
supply  at  all  times.  It  should  not  be  placed  in  an  eddy,  or 
in  shallow  or  slack  water  at  one  side  of  the  river,  since  matter 
in  suspension  is  apt  to  collect  here.  It  should  always  be  at 
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a distance  below  the  surface  at  least  twice  as  great  as  the  diam- 
eter of  the  intake  opening.  It  should  be  at  such  an  elevation 
above  the  bottom  that  no  sand  or  silt  carried  by  the  bottom  layer 
of  water  can  enter  it.  It  should  be  placed  below  rather  than 
above  any  pond  or  slack-water,  unless  additional  pollution  is 
added  to  the  water  there.  It  should  generally  be  placed  above 
the  city,  to  avoid  the  pollution  by  street  drainage  which  probably 
enters  the  river,  even  if  no  sewers  discharge  into  it.  A screen 
is  generally  placed  over  the  intake  to  exclude  fish  and  floating 
matter;  and  it  should  be  contained  in  and  protected  by  a crib 
or  masonry  structure. 

If  the  river  (or  smaller  stream)  has  not  sufficient  depth  to 
permit  the  submergence  described,  combined  with  elevation 
above  the  bottom  to  prevent  entrance  of  heavy  silt,  it  may  be 
necessary  to  place  a dam  across  the  stream  to  create  the  required 
depth  of  water.  In  such  case  it  is  desirable  to  place  a blow-off 
through  the  dam  at  the  level  of  the  old  bed  of  the  stream  and 
near  the  intake  opening,  to  be  used  from  time  to  time  to  scour 
out  deposits  of  sediment  that  are  apt  to  collect  behind  the 
dam. 

Where  water  is  drawn  from  river  or  lake  in  northern  lati- 
tudes, anchor-  or  slush-ice  collecting  and  freezing  around  intake 
openings  sometimes  gives  a great  deal  of  trouble.  This  is  caused 
by  needles  of  ice  which  are  prevented  from  freezing  together  by 
the  motion  of  the  water,  and,  drawn  into  the  intake  in  this 
condition,  freeze  upon  and  choke  the  screen  bars.  This  seldom 
occurs  in  still  water  or  on  the  windward  side  of  a lake  or  river; 
and  is  less  likely  to  occur  if  the  intake  opening  is  some  distance 
below  the  surface,  or  if  it  is  of  such  an  area  that  the  velocity 
of  flow  into  it  is  less  than  | foot  per  second. 

The  intake  pipes  should  be  well  buried  in  the  bed  of  the 
river  or  lake,  to  prevent  injury  by  currents  or  waves,  by  the 
anchors  of  boats,  or  from  any  other  cause.  They  are  some- 
times made  of  wrought-iron  or  steel  pipe,  but  cast  iron  is  more 
durable.  The  intakes  for  several  large  cities  are  tunnels  in 
rock  carried  out  under  the  lake  or  river  bottom,  the  tunnel  ter- 
minating in  a tower  or  crib. 
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If  the  supply  is  from  tube  wells  and  the  water  level  is  lowered 
in  these  by  pumping,  there  is  generally  a pump  in  each  well 
which  delivers  the  water  into  a collecting  main,  which  in  turn 
leads  it  to  a small  basin  or  suction  well.  If,  however,  it  is  not 
desired  to  draw  the  water  level  down  more  than  20  or  25  feet 
below  the  level  of  the  pump,  the  pump  suction  may  be  extended 
to  connect  with  each  of  the  walls  but  so  connected  that  any  well 
or  wells  can  be  cut  off  from  the  suction  by  closing  a valve.  This 
plan  offers  the  serious  objection  that  a long  suction  with  the  vari- 
ous connections  and  valves  can  with  difficulty  be  made  and 
kept  tight,  and  air  entering  gives  pump  trouble,  which  even 
an  air  drum  and  air  pump  to  collect  and  remove  the  air  from  the 
suction  line  cannot  entirely  prevent.  Also  it  is  difficult  to  regu- 
late the  flow  of  water  from  the  individual  wells  when  some  admit 
water  through  the  strainer  more  freely  than  others,  or  when 
they  tap  different  water-bearing  strata  with  various  artesian 
heads.  Where,  however,  the  entire  supply  can  be  obtained 
from  wells,  none  of  which  need  be  more  than  100  feet  or  so  from 
the  pump,  the  direct-connected  suction  plan  has  been  employed 
in  several  cases. 

The  motive  powers  adopted  for  raising  water  include  man 
or  animal  power;  water-wheels  and  other  hydrauHc  machinery; 
windmills;  gas,  gasoHne,  oil,  and  hot-air  engines;  steam 
engines;  electric  motors;  compressed-air  engines;  and  in  fact 
all  kinds  of  motive  power  are  used  for  driving  pumps.  Com- 
pressed air  and  steam  are  also  used  directly  without  the  medium 
of  pumps,  in  the  air-Hft  and  steam  siphon. 

The  pump  and  motor  are  generally  placed  in  the  same 
building,  and  in  most  cases  are  really  parts  of  the  same  machine. 
Animal  power  is  not  used  in  this  country  for  any  but  private 
supplies.  Windmills  are  used  on  few  public  supplies,  not 
being  adapted  to  pumping  large  quantities  of  water,  and  depend- 
ing upon  uncertain  winds  for  power.  Gas,  gasoline,  oil, 
and  hot-air  engines  give  excellent  service  in  many  small  plants; 
and  the  three  former  in  plants  .of  considerable  size.  Electric 
motors  are  in  quite  common  use  for  small  plants,  and  for  a few 
large  ones.  Hydraulic  machinery  has  been  used  in  several 
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plants,  generally  where  the  stream  from  which  the  water  was 
taken  could  furnish  the  power  also.  Since  streams  furnishing 
hydraulic  power  are  liable  to  periods  of  low  water,  a supple- 
mentary steam  or  internal-combustion  engine  plant  is  generally 
necessary  to  insure  non-interruption  of  service. 

By  far  the  greatest  number  of  pumping  plants  have  steam 
as  a motive  power,  this  being  adapted  to  the  largest  as  well 
as  the  smallest  engines,  and  being  under  control  at  all  times; 
although  an  immediate  increase  in  delivery  in  case  of  fire  can- 
not be  obtained,  in  which  respect  internal-combustion  or  electric 
motors  are  preferable. 

Table  No.  35 

METHOD  OF  SUPPLY  TO  CITIES  AND  TOWNS  IN  THE  UNITED  STATES 


Districts. 

1 

Method  of  Supply. 

North- 

eastern. 

South- 

eastern. 

North- 

Central. 

West- 

ern. 

Total. 

Gravity 

490 

41 

II 

194 

736 

Gravity  and  Pumping: 

Direct 

62 

7 

2 

15 

86 

To  reservoir 

38 

I 

2 

13 

54 

To  stand-pipe 

II 

2 

2 

. 5 

20 

Direct  and  to  reservoir 

I 

0 

0 

I 

2 

Direct  and  to  stand-pipe 

3 

I 

3 

I 

8 

To  reservoir  and  stand-pipe 

4 

0 

0 

8 

12 

Total 

119 

II 

9 

43 

182 

Pumping : 

Direct 

74 

33 

221 

90 

418 

To  reservoir 

128 

62 

79 

114 

383 

To  stand-pipe 

245 

139 

218 

358 

960 

To  reservoir  and  stand-pipe 

26 

II 

14 

20 

71 

Direct  and  to  reservoir 

33 

II 

27 

45 

116 

Direct  and  to  stand-pipe 

41 

20 

115 

185 

361 

Direct  and  to  reservoir  and  stand-pipe 

3 

2 

18 

10 

33 

Total 

550 

278 

692 

822 

2342 

Natural  pressure 

0 

9 

2 

10 

21 

Grand  total 

1159 

339 

714 

1069 

3281 
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In  deciding  upon  the  motive  power,  consideration  should  be 
had  of  the  accessibility  of  the  plant  and  its  general  location.  An 
electric  plant  requires  that  power  be  obtainable  from  an  electric 
power  station  where  power  can  be  generated  more  cheaply  than 
at  the  pumping  station.  Hydraulic  machinery  requires  a 
constantly  abundant  supply  of  water  power.  Steam  plants 
require  coal,  wood,  oil,  or  gas  to  supply  the  heat,  and  the  means 
of  bringing  these  to  the  plant  must  be  considered.  It  may 
be  more  economical  to  place  a steam  plant  using  coal  near  a 
railroad  and  some  distance  from  the  source  of  water  supply, 
and  bring  the  water  by  gravity  to  the  pumps,  even  though  this 
require  a somewhat  greater  lift  and  cost  of  construction;  or 
to  locate  a power  plant  as  indicated  and  carry  power  in  the 
form  of  electric  current  to  a motor-operated  pumping  plant. 

In  the  pump  proper,  as  used  in  city  supplies,  there  is  little 
variation  except  in  detail.  There  are  two  general  designs; 
the  more  efficient  and  one  more  commonly  used  consists  essen- 
tially of  a piston  and  valves  so  arranged  that,  by  a reciprocating 
motion  of  the  piston,  water  is  sucked  in  through  one  set  of  valves 
and  forced  out  through  another.  In  the  other,  rotating  blades 
provide  the  suction  and  propelling  power.  The  former  are 
called  reciprocating  pumps,  the  latter  rotary  pumps. 
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PUMPING  AND  PUMPING  ENGINES 
Art.  58.  Pumps 

All  pumps  in  common  use  in  water-supply  plants  may  be 
divided  into  two  classes,  those  that  exert  pressure  directly  upon 
the  water  through  the  medium  of  a piston  or  plunger,  and  those 
that  create  pressure  in  the  water  by  centrifugal  force.  The 
former  are  reciprocating  pumps,  the  essential  feature  of  which 
is  a piston  or  plunger  moving  back  and  forth  over  a straight 
path;  the  latter  are  centrifugal  pumps,  the  moving  part  consist- 
ing of  revolving  vanes  that  give  to  the  water  a rotary  motion. 
There  are  also  the  air  lift,  which  is  not  strictly  a pump;  and 
pneumatic  ejecters,  diaphragm  pumps  and  other  devices  that  are 
used  for  very  low  lifts  and  are  not  considered  practicable  for 
water  works.  For  low  lifts  a screw  pump  also  is  sometimes 
used;  and  for  wells,  a form  of  bucket  pump  especially  adapted 
to  the  confined  space  available. 

Pumps  are  driven  by  engines  operated  by  steam;  by  inter- 
nal combustion  of  gas,  gasoline,  or  kerosene;  by  electricity,  or 
by  water  power.  The  steam  may  cause  reciprocating  motion 
to  a piston  in  a cylinder,  or  rotary  motion  by  impact  on  the  cir- 
cumference of  a revolving  wheel.  Intel  nal-combustion  engines 
produce  reciprocating  motion  only.  Electricity  and  water  power 
are  used  to  produce  rotary  motion  only. 

A reciprocating  engine  may  be  directly  connected  to  a recip- 
rocating pump,  and  a rotary  engine  to  a rotary  pump.  Or  the 
connection  may  be  indirect,  through  a walking-beam,  by  means 
of  gearing  or  belt,  etc.  Or  a reciprocating  engine  may  be  used 
to  drive  a rotary  pump,  or  a rotary  engine  to  drive  a reciprocating 
pump.  Direct  connection  eliminates  the  loss  occasioned  by 
friction  in  indirect  connections;  but  it  requires,  in  the  case  of 
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reciprocating  pumps,  that  both  the  motor  piston  and  the  water 
piston,  plunger,  or  bucket  move  at  the  same  rate  and  over  the 
same  space;  or,  in  the  case  of  rotary  motor  and  pump,  that  both 
revolve  at  the  same  speed;  which  may  offer  serious  disadvantages, 
or  at  least  cause  more  loss  of  efficiency  than  that  caused  by 
friction  in  indirect  connections. 


RECIPROCATING  PUMPS 

A reciprocating  pump  consists  essentially  of  a water  chamber 
in  which  a closely  fitting  plate  (piston)  or  cylinder  (plunger) 
moves  back  and  forth.  In  Fig.  49  these  two  types  are  shown 
diagrammatically;  actual  apphcations  being  illustrated  by  the 
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PISTON  PUM'3 

Fig.  49. — Piston  and  Plunger  Pumps. 


cylinder  sections  in  Fig.  50  and  51.  In  Fig.  49,  B represents 
a piston  moved  by  a piston  rod  C in  a water  cylinder  A\  and  Z) 
is  a plunger  (made  hollow  to  reduce  the  weight)  moving  through 
a closely  fitting  ring  GG  in  the  cylinder  E.  Each  cylinder  is 
provided  with  openings  for  admitting  water  (/,  I')  and  others 
for  its  exit  (0,  O'),  which  are  closed  by  valves.  As  5 or  Z) 
advances  to  the  left  the  water  in  Z is  driven  out  through  the  dis- 
charge valve  0 and  drawn  in  through  the  suction  valve  I,  0' 
and  r being  closed  by  water  pressure.  When  B or  D moves 
to  the  right,  water  enters  through  I'  and  is  driven  out  through 
O'.  I and  r connect  with  a suction  pipe,  0 and  0'  with  a 
discharge  pipe.  In  most  cases  the  level  of  the  water  to  be 
pumped  is  below  the  cylinder,  and  a partial  vacuum  is  created 
by  the  piston  or  plunger  and  the  water  is  forced  into  the  water 
cylinder  by  atmospheric  pressure. 

If  the  pump  has  two  sets  of  inlet  and  outlet  valves,  as  in 
the  illustration,  water  is  forced  out  during  motion  in  each  direc- 
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tion,  and  the  pump  is  called  a double-acting  one.  But  if  the 
right-hand  end  of  the  cylinder  is  omitted,  water  is  discharged  only, 
during  motion  toward  the  left,  and  the  pump  is  single-acting. 
When  the  cylinder  axis  is  horizontal,  as  shown,  the  pump  is 
called  horizontal;  if  the  cylinder  stands  with  its  axis  vertical 
it  is  called  a vertical  pump. 

In  a single-acting  pump,  water  is  moving  in  the  discharge 
pipe  during  only  half  the  time  and  comes  to  rest  during  the  return 
stroke.  This  is  very  objectionable,  for  it  means  that  the  inertia 
of  the  water  in  the  pipe  must  be  overcome  anew  with  each  stroke; 
also  that  a pulsation  and  water-hammer  ” are  caused  in  the  dis- 
charge pipe  and  all  pipes  which  it  feeds.  To  reduce  this  feature, 
two,  three,  or  even  four  such  cylinders  may  be  connected  to 
act  in  rotation,  so  that  a continuous  flow  of  water  is  produced. 
If  the  pump  is  double  acting,  water  is  discharged  during  both 
strokes ; but  there  is  an  instant  at  each  end  of  the  stroke  when  no 
water  is  being  discharged,  and  during  the  stroke  the  rate  of  dis- 
charge may  not  be  uniform.  For  this  reason  both  economy  of 
power  and  avoidance  of  pulsation  of  water  are  secured  by 
operating  two,  and  sometimes  three,  double-acting  cylinders 
as  parts  of  one  pump,  so  connected  that  the  maximum  discharge 
of  one  occurs  during  the  minimum  discharge  of  the  other. 
Pumps  with  two  or  three  cylinders,  whether  single  or  double 
acting,  are  called  duplex  or  triplex  respectively. 

But  no  matter  how  many  cylinders  be  used,  the  flow  is  not 
perfectly  uniform.  If  an  air  chamber  be  connected  to  the  dis- 
charge pipe  the  air  will  act  as  a spring  or  cushion,  compressing 
under  the  higher  pressure  and  giving  out  pressure  under  the 
low,  and  thus  equalizing  the  pressure  in  the  discharge  main. 
When  a single  cylinder  in  used,  either  single-  or  double-acting, 
such  an  air  chamber  is  an  absolute  necessity  to  prevent  de- 
struction of  pipe  joints  and  even  of  the  pump,  and  it  is  desirable 
in  connection  with  any  pump  connected  to  a long  delivery  pipe. 
Small  air  chambers  are  often  made  of  cast  iron  as  part  of  the 
pump  (see  Fig.  50);  but  the  larger  ones  are  preferably  in  the 
form  of  a tank  of  steel  plate.  They  are  always  set  above  the 
discharge  pipe  on  the  side  of  the  check  valve,  when  there  is  one 
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(as  there  generally  is),  and  should  be  filled  with  air  at  the 
minimum  pressure  experienced  during  operation  of  the  pump. 


Condenser 


Fig.  50. — Water  Cylinder  with  Center-Packed  Plunger. 
Allis- Chalmers  horizontal,  cross-compound,  crank  and  fly-wheel  pump. 


As  to  size,  a more  or  less  arbitrary  rule  is  to  make  the  diameter 
I J times  that  of  the  force  main,  the  height  7^  times,  and  the  open- 
ing into  the  bottom  of  the  chamber  one-half  such  diameter. 
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The  piston  is  adjusted  to  the  cylinder,  or  the  plunger  to 
its  plunger  sleeve  (plungers  are  almost  universally  used  now), 
with  as  water-tight  a fit  as  is  possible  without  causing 
loss  of  energy  by  friction;  but  under  the  pressure  produced 
in  the  water  there  is  apt  to  be  a slight  leakage  back  into 
the  other  end  of  the  cylinder;  and  this  increases  with  use  as  the 
rubbing  surfaces  wear  slightly.  Moreover,  at  the  reversal  of 
stroke,  pressure  suddenly  ceases  in  one  end  of  the  cylinder  and 
changes  to  suction,  while  suction  in  the  other  end  changes  to 
pressure.  This  causes  the  valves  that  were  open  to  close,  but 
during  the  closing  some  water  passes  back  through  them.  To 
hasten  the  closing,  springs  are  used  to  seat  the  valve  quickly; 


Fig.  51. — Steam  Cylinder  of  Pump  Shown  in  Fig.  50. 


but  at  the  best,  some  water  escapes  through  them  in  the  reverse 
direction.  This  backward  movement  of  water  through  plunger 
ring  and  valves  is  called  the  “ pump  slip.”  It  is  seldom  if  ever 
less  than  i per  cent  of  the  amount  pumped,  is  about  5 per  cent 
in  a reasonably  good  pump,  and  when  the  plunger  and  ring  are 
badly  worn,  valves  or  valve  springs  broken,  etc.,  it  may  reach 
50  per  cent  or  more.  A great  advantage  of  the  single-acting 
plunger  pump  is  that  the  plunger  ring  may  be  packed,  or  the 
fit  regulated,  from  the  outside  without  taking  the  pump  apart, 
and  thus  the  plunger  slip  kept  at  a minimum;  it  also  being 
possible  to  see  at  all  times  how  much  of  such  leakage  there  is. 
(The  same  advantage  is  obtained  in  some  recent  double-acting 
pumps  by  center  packing  and  using  two  water  cylinders  with 
one  plunger,  as  in  Fig.  50.) 
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In  addition  to  slip,  there  is  some  loss  of  power  due  to  friction 
in  the  cylinder  and  of  the  plunger  rod  in  its  stuffing  box,  to  the 
opening  of  the  valves,  and  operating  other  minor  moving  parts. 
This  reduces  the  efficiency  of  the  pump  as  a piece  of  mechanism. 
The  “ mechanical  efficiency  ” of  a pump  is  the  quotient  of  the 
amount  of  power  developed  in  lifting  water  divided  by  the  power 
applied  to  the  plunger  rod  or  to  the  crank  shaft  to  which  the  rod 
or  rods  are  attached;  both  expressed  in  foot-pounds  per  unit 
of  time.  The  mechanical  efficiency  of  high-class  double-acting 
pumps  generally  ranges  from  85  to  97  per  cent,  the  latter  being 


Fig.  52. — Pump  Valve  Cage  and  Valves. 


exceptionally  high  and  probably  not  attainable  under  actual 
working  conditions. 

Another  type  of  pump  consists  of  a vertical  cylinder  with 
one  inlet  valve  in  the  bottom  and  another  in  the  piston,  while  the 
outlet  valves  are  on  the  top  of  the  cylinder.  This  is  called  a 
bucket  pump  (see  Fig.  53).  It  is  especially  'adapted  for  use 
as  a deep-well  pump,  since  the  entire  cylinder  can  be  dropped 
into  a well,  there  being  no  openings  or  moving  parts  on  the  sides, 
and  the  up  and  down  motion  of  a vertical  rod  supplying  all  the 
power  required.  Also  the  pump  is  extremely  simple  in  construc- 
tion. As  ordinarily  made,  its  mechanical  efficiency  is  low. 
_ If  the  piston  rod,  or  that  portion  entering  the  cylinder,  is  of 
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considerable  size,  the  pump  will  discharge  water  during  both  the 
down  and  up  stroke,  the  former  by  the  displacement  of  a volume  • 
equal  to  that  of  the  piston  rod,  the  latter  by  direct  lift  by  the 
piston.  Such  a piston  is  called  a differential  plunger.  (See 
Fig.  54-) 

Vertical  cylinders  on  large  engines  have  been  supplied  with 
differential  plungers,  taking  the  water  through  one  bottom  port 
only;  but  the  common  practice  for  vertical  pumps  is  the  single- 


I 


Fig.  53. — Bucket 
Pump. 


FIg.  54. — Differential  Plunger. 

Area  of  plunger  d is  about  half  that  of 
cylinder  c.  When  the  piston  de- 
scends, water  in  c is  forced  into  b, 
half  passing  into  the  main  and  half 
entering  a;  the  latter  being  forced 
into  the  main  on  the  up  stroke. 


acting  plunger,  generally  triplex  in  pumps  of  1,000,000  gallons 
per  day  capacity  or  larger. 

The  force  required  to  pump  is  that  necessary  (i)  to  raise  the 
water  by  suction  into  the  cylinder,  (2)  to  raise  it  by  pressure 
against  the  head  of  water  above  it,  (3)  to  overcome  the  friction 
in  the  pipes,  (4)  the  inertia  of  all  the  water  moved,  (5)  the  fric- 
tion and  inertia  of  the  moving  parts  of  the  pump,  and  (6)  the 
friction  of  water  in  passing  through  the  pump.  The  first  three 
are  useful  work  performed  by  the  pump  and  credited  to  it.  The 
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others  are  energy  used  up  by  the  pump  itself  and  to  be  charged 
against  it.  The  work  performed  in  suction  and  overcoming 
pressure  head  is  the  product  of  the  weight  of  water  lifted  by  the 
distance  through  which  it  is  lifted  (or  its  equivalent  in  pressure 
pumped  against).  The  friction  in  the  pipes  leading  to  and  from 
the  pump  can  be  learned  only  by  measuring  by  pressure  gages, 
although  it  can  be  calculated  approximately. 

All  the  other  uses  of  the  energy  are  losses  that  are  due  to 
the  pump  itself.  If  the  pump  is  single  acting,  the  water  in  the 
discharge  pipe  (possibly  thousands  of  feet  long)  comes  to  a par- 
tial rest  at  the  end  of  each  stroke  and  considerable  energy  is  re- 
quired to  overcome  the  inertia  at  the  beginning  of  the  following 
stroke.  If  the  pump  gives  a continuous  flow,  this  loss  is  elimi- 
nated. Friction  of  water  in  passing  through  the  pump  can  be 
reduced  by  causing  it  to  follow  a path  of  easy  curves  and  with 
as  little  change  in  cross-section  as  possible.  To  effect  the  latter, 
the  entrance  into  the  cylinder  is  made  through  an  area  of  valve 
opening  a little  larger  than  that  of  the  suction  pipe  or  cylinder. 
To  have  one  valve  of  this  area  and  which  would  open  suffici- 
ently wide  and  close  quickly  would  be  impracticable,  in  the 
case  of  a large  pump,  so  a large  number  of  smaller  valves  is  used 
for  both  intake  and  discharge.  (See  Fig.  52,  showing  a group 
of  valves  on  a cage.)  To  reduce  the  power  required  to  over- 
come inertia  in  the  moving  parts  of  the  pump,  these  must  be 
light  in  weight,  and  their  motion  show  (at  least  at  the  beginning 
and  end  of  the  stroke),  and  the  frequency  of  stopping  and  start- 
ing should  be  a minimum.  The  latter  is  met  by  a long  stroke, 
the  longer  the  better.  The  slower  the  speed  the  larger  the 
plunger  required  for  a given  rate  of  discharge.  The  length  of 
stroke  and  size  of  plunger  are  limited  by  practical  consider- 
ations, including  cost. 

As  stated  before,  the  losses  in  and  by  the  pump,  including 
slip,  will  ordinarily  lie  between  3+  and  15  per  cent  of  the  power 
used  by  it  in  the  case  of  a higher-grade  pump;  and  be  much 
more  in  a cheaply  or  unscientifically  constructed  one. 

A double-acting  plunger  working  in  a single  chamber  (Fig. 
49,  d)  passes  through  a sleeve  in  the  center  of  the  cylinder,  and 
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this  may  be  of  eithet  the  ring  or  inside-packed  type.  In  the 
former  a bronze  ring  is  fastened  to  an  annular  flange  in  the 
cylinder,  the  ring  fitting  the  plunger  exactly.  Wear  between 
ring  and  plunger  can  be  remedied  only  the  replacing  the  ring, 
but  with  water  without  sediment  (which  is  the  only  kind  water 
works  pumps  should  receive),  this  wear  is  very  slow.  In  the 
inside-packed  plunger,  a stuffing  box  is  substituted  for  the  ring, 
the  advantage  of  which  is  that  any  wear  can  be  taken  up  by 
adjusting  the  stufling  box,  but  with  the  disadvantage  that  the 
packing  wears  and  leaks  much  more  rapidly  than  a ring,  and, 
the  stuffing  box  being  out  of  sight  inside  the  cylinder,  this  condi- 
tion may  remain  unknown  for  a long  time.  For  clear  water 
the  ring  is  believed  to  be  preferable  to  the  inside  packing. 

For  a single-acting  plunger,  the  sleeve  is  at  the  end  of  the 
cylinder,  and  for  these  the  stuffing  box  is  decidedly  preferable 
to  the  ring,  giving  the  “ outside-packed  ” plunger.  In  this 
type,  any  leakage  through  the  stuffing  box  is  plainly  visible 
and  can  be  remedied  at  once  without  stopping  the  pump. 

A double-acting  plunger  operating  in  a pair  of  chambers, 
as  in  Fig.  50,  gives  opportunity  for  “ outside  center  packing  ” 
which  gives  the  advantage  of  evidence  of  leakage  and  accessi- 
bility possessed  by  the  single-acting  plunger  combined  with  the 
capacity  and  other  advantage  of  the  double-acting. 

CENTRIFUGAL  PUMPS 

Until  comparatively  recent  years,  centrifugal  pumps  had 
been  used  for  low  lifts  only  and  were  of  low  efficiency;  but  they 
are  now  coming  into  increasing  use  for  heads  up  to  350  feet, 
and  in  some  cases  for  heads  of  900  to  1000  feet.  A low-lift 
pump  consists  of  a casing  having  the  form  of  a volute,  in  which 
revolves  a set  of  curved  arms  (called  an  impeller),  that  fit  closely 
the  inside  of  the  casing,  the  shell  being  open  in  the  center  on  one 
or  both  of  the  sides,  through  which  opening  the  water  enters 
from  the  suction  pipe;  and  the  water  leaving  through  an  open- 
ing in  the  circumference.  When  the  impeller  is  revolved,  the 
water  in  the  casing  is  carried  around  by  it  and  the  centrifugal 
force  causes  it  to  leave  through  the  outlet  0,  Fig.  55,  and  at 
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the  same  time  produces  pressure  in  the  discharge  pipe  if  resist- 
ance is  offered.  This  departure  of  the  water  tends  to  produce 
a vacuum  in  the  casing  and  causes  water  to  enter  at  the  center  I. 
The  flow  is  continuous  (not  intermittent  as  from  a reciprocating 
pump),  and  there  is  no  inertia  of  water  in  discharge  pipe  or  of 
moving  parts  to  be  overcome  after  the  pump  is  in  motion  at 
full  velocity.  The  slip,  however,  may  be  considerable,  reaching 
even  loo  per  cent  if  the  velocity  of  revolution  be  too  low  compared 
to  the  head  to  be  pumped  against,  or  if  impeller  blades  or  casing 
become  too  much  worn.  Such  pumps  are  subject  to  little 
wear,  however,  unless  the  water  contain  considerable  grit,  the 
only  rubbing  parts  being  at  the  bearings  of  the  impelling  shaft. 


O O 


The  ordinary  centrifugal,  single-impeller,  volute  Dump  is 
not  adapted  to  work  efficiently  against  heads  of  more  than  150 
feet,  although  some  have  given  satisfactory  service  under  double 
this  head.  For  heads  even  less  than  150  feet  and  especially 
for  higher  ones,  instead  of  a volute  casing  a round  casing  is 
more  efficient,  resembling  that  of  a turbine  water  wheel,  because 
of  which  resemblance  such  pumps  are  generally  called  turbine 
pumps. 

For  very  high  heads,  a multi-stage  pump  is  used,  this  con- 
sisting of  a series  of  turbine  pump  casings  connected  together, 
each  casing  having  its  impeller,  the  several  impellers  being  all 
driven  by  the  same  shaft.  Each  intermediate  casing  or  stage 
draws  its  suction  from  the  discharge  of  the  preceding  one  and  in 
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turn  discharges  into  the  next,  the  pressure  in  the  water  thus  being 
raised  progressively.  In  good  practice,  each  stage  increases  the . 
pressure  about  45  to  65  pounds,  although  85  pounds  has  been 
attained;  but  the  velocity  necessary  to  raise  the  pressure  more 
than  65  pounds  is  likely  to  cause  pitting  of  the  vanes  or  excessive 
wear  on  the  impeller  and  diffusion  tips. 

No  head  or  pressure  should  be  lost  by  shocks  or  abrupt 
changes  of  velocity.  In  multi-stage  pumps,  each  stage  is  fitted 
with  a whirlpool  chamber  or  a device  with  divided  stream 
passage  known  as  diffusion  vanes,  which  guide  the  water  to  the 
discharge  opening  and  permit  it  to  convert  its  velocity  into 
pressure  with  as  little  friction  as  possible. 

A pump  casing  must  be  full  of  water  before  any  suction  can 
be  exerted  by  a revolving  impeller,  and  must  therefore  be  primed 
before  it  is  started.  In  some  cases  the  pump  is  set  with  the 
casing  horizontal  and  shaft  vertical  and  the  entire  casing  below 
the  level  of  the  water,  and  the  pump  is  thus  always  primed. 
(The  pump  need  not  be  in  the  water,  but  the  water  can  flow 
to  it  through  the  suction  pipe;  which  construction  permits 
access  to  the  pump  at  any  time  for  inspecting  or  adjusting  it.) 
Where  it  is  set  above  the  water,  however,  either  there  must  be 
a check  valve  or  foot  valve  in  the  bottom  of  the  suction  pipe, 
and  the  pump  is  primed  by  filling  it  with  water  from  above; 
or  it  is  filled  by  producing  a vacuum  in  the  casing  with  an  air 
pump  and  thus  sucking  water  into  it  from  below.  On  large 
pumps  foot  valves  should  not  be  used,  as  the  sudden  closing 
of  the  foot  valve,  as  by  a sudden  stopping  of  the  pump,  may 
cause  a shock  that  will  split  the  pump  casing  or  piping.  A 
foot  valve  should  have  at  least  i|  times  the  area  of  the  suction 
pipe,  to  minimize  the  friction  of  the  water  passing  through  it. 

The  discharge  pipe  should  be  the  same  size  as  the  suction,  and 
connected  with  the  pump  discharge  by  a tapered  section.  On 
large  pumps,  and  all  acting  against  any  considerable  head, 
there  should  be  a valve  on  the  discharge  pipe,  which  should  be 
closed  when  the  pump  is  started,  and,  when  the  impeller  has  been 
speeded  up,  should  be  opened  very  slowly,  allowing  the  full  load 
to  come  upon  the  motor  as  gradually  as  possible.  A check 
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valve  also  is  generally  placed  on  the  discharge  if  the  head  exceeds 
30  feet.  When  there  is  a foot  valve,  the  pump  can  be  primed 
by  connecting  the  discharge  pipe,  above  the  check  or  valve, 
with  the  suction  pipe  by  a small  by-pass. 

The  efficiency  of  a centrifugal  is  the  quotient  obtained 
by  dividing  the  work  done  in  lifting  water  against  the  total  suc- 
tion and  discharge  head,  by  the  foot-pounds  applied  to  the 
impeller  shaft.  High  efficiency  involves  changing  the  kinetic 
energy  of  the  water,  as  it  leaves  the  impeller,  into  pressure  with  a 
minimum  of  loss  of  energy  by  water  friction  (as  by  churning  in 
the  chambers),  by  friction  of  water  on  the  impeller,  and  by 
friction  of  bearings.  The  most  serious  loss  is  that  of  friction 
between  the  impeller  and  the  water.  The  wasted  energy 
varies  as  the  cube  of  the  head  pumped  against.  Also,  as  this 
head  increases,  the  loss  from  friction  on  the  impeller  increases  at 
a more  rapid  rate;  and  thus  a limit  is  placed  on  the  head  against 
which  the  pump  can  be  operated  economically.  The  highest 
efficiency  obtained  with  large  pumps  is  90  to  92  per  cent,  and  it 
may  be  as  low  as  30  to  40  per  cent.  In  multi-stage  turbines, 
85  to  87  per  cent  is  about  the  highest  efficiency  reached.  For 
the  latter  pumps  the  following  are  considered  high  efficiencies: 
10,000  to  6000  gallons  per  minute — 75  to  78  per  cent;  6000  to 
3000  gallons — 73  to  75  per  cent;  3000  to  900  gallons — 70  to 
73  per  cent;  900  to  250  gallons — 70  per  cent;  under  250  gallons 
■ 55  to  65  per  cent. 

Speeds  for  small  pumps  vary  from  3 500  revolutions  per  minute 
for  the  smallest,  down  to  600  for  8-  or  lo-inch  pumps,  while 
large  pumps  may  run  as  slowly  as  150  revolutions  with  good 
efficiency.  (The  “ size  ” of  a pump  is  that  of  its  discharge  pipe.) 

Centrifugal  pumps  are  specially  adapted  to  moderate  and 
large  quantities  of  water  rather  than  small.  Their  special  fea- 
tures are  simplicity  of  construction,  wide  passageways,  absence 
of  valves,  low  first  cost,  light  weight  and  small  space  occupied 
relative  to  capacity,  and  adaptability  to  direct  driving  by  electric 
motors  and  steam  turbines.  They  possess  the  advantage  that 
it  is  impossible  for  them  to  produce  a pressure  in  the  pipe  lines 
higher  than  that  corresponding  to  the  speed,  obviating  danger 
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of  a break  in  the  pipe  system  when  a valve  or  fire  hydrant  is 
closed  quickly,  which  is  especially  important  in  connection  with 
liigh-pressure  fire  service.  On  the  other  hand,  should  a break 
occur  in  the  pipe  line,  reducing  the  pump  head  and  increasing 
the  quantity  capacity,  the  pump  ma*y  overload  the  motor 
unless  care  is  taken  in  designing  the  impellers  to  prevent  this. 

If  the  head  pumped  against  is  greater  than  that  for  which  the 
pump  was  designed,  the  quantity  of  water  discharged  will  be 
less,  and  may  be  reduced  to  zero  under  very  excessive  heads. 

Turbine  pumps  are  used  for  water  works  pumping  in  a rapidly 
increasing  number  of  cities,  with  capacities  for  each  pump 
of  one  million  to  thirty  million  gallons  per  day.  Also  for  central 
fire  stations  with  capacities  of  3000  gallons  per  minute  against 
300  pounds  pressure  (Brooklyn,  N.  Y.),  down  to  small  “ under- 
writer ” pumps  of  500  gallons  against  125  pounds.  Under- 
writer fire  pumps  are  made  of  four  standard  sizes:  500,  750, 
1000  and  1500  gallons  per  minute. 

SCREW  OR  PROPELLER  PUMPS 

In  a screw  pump  the  water  flows  axially  and  the  pressure 
is  not  obtained  by  centrifugal'  force,  but  by  impact  or  shock 
between  propeller  and  water.  Such  pumps  may  be  used  for 
moving  large  bodies  of  water  under  low  heads.  About  their 
only  use  in  water  works  plants  would  be  for  raising  water  short 
distances  into  sedimentation  basins  or  purification  plants; 
but  even  for  this  the  centrifugal  pump  is  preferred. 

Suction  Lift.  In  any  type  of  pump,  if  the  pump  chamber  is 
higher  than  the  water  to  be  lifted,  the  water  is  raised  into  it  by 
the  pressure  of  the  outside  air  when  a partial  vacuum  is  created 
in  the  pump.  If  a perfect  vacuum  were  created  the  water  would 
rise  through  a height  of  34  feet.  But  this  is  not  quite  possible. 
Moreover  a part  of  the  14.7  pounds  air  pressure  must  be  used  in 
overcoming  friction  of  the  water  in  entering  the  suction  pipe 
(this  can  be  reduced  by  making  the  end  of  the  suction  pipe  bell- 
mouthed), in  passing  through  it,  and  (in  the  reciprocating 
pump)  in  lifting  the  valves  and  passing  through  the  valve 
openings,  and  in  filling  the  cylinder  behind  the  plunger.  There 
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should  also  be  a factor  of  safety.  It  might  be  possible  under 
favorable  conditions  to  lift  water  26  feet,  8-foot  head  being  used 
in  overcoming  these  resistances;  but  there  is  an  undesirable 
risk  in  making  the  suction  lift  more  than  20  feet;  and  it  is 
desirable  to  keep  it  down  to  12  or  15  feet  if  the  suction  pipe  is 
short,  and  to  still  less  if  it  is  long.  If  the  water  is  to  be  carried 
more  than  50  feet  to  reach  the  pump,  a suction  well  should  be 
built  under  or  near  the  pump  and  the  water  be  led  into  this  and 
the  pump  suction  draw  from  it.  For  a 20-foot  lift  it  is  desirable 
that  the  suction  pipe  be  10  inches  for  a one-million  gallon  pump 
(capacity  1,000,000  gallons  per  twenty-four  hours);  20  inches 
for  a five-million,  and  30  inches  for  a ten-million  gallon. 

Art.  59.  Motive  Power  for  Pumps 

Steam  power  is  used  for  more  water  supply  pumps  than 
all  other  forms  of  power  combined;  but  quite  a number  are 
operated  by  internal  combustion  engines,  others  by  electric 
motors,  and  a few  by  hydraulic  turbines. 

Centrifugal  pumps  are  generally  driven  by  a steam  turbine, 
or  electric  or  water  motor,  mounted  upon  the  same  shaft  as  the 
pump,  or  by  belt  or  gears  from  one  of  these  or  from  a steam  or 
internal-combustion  engine.  In  the  latter  case  any  speed  of 
pump  can  be  combined  with  any  speed  of  engine  by  proportion- 
ing the  gears  or  belt  pulleys;  but  when  connected  on  the  same 
shaft,  both  must  have  the  same  speed,  and  each  should  be 
designed  for  maximum  efficiency  at  that  speed. 

In  the  case  of  electric  motors,  if  the  head  on  the  pump  is 
constant,  giving  constant  speed,  this  can  be  secured  without 
difficulty;  but  if  the  head  varies,  a motor  should  be  used  that 
permits  speed  regulation.  If  an  induction  motor  is  used,  the 
pump  should  have  a horse-power  nearly  constant  within  the 
limits  of  the  working  conditions,  as  both  power  factor  and  effi- 
ciency of  such  motors  are  reduced  at  light  loads.  There  are 
some  objections  to  using  a synchronous  motor,  in  which  the 
speed  is  fixed,  the  principal  difficulty  being  experienced  in 
starting  the  pump.  Such  motor  is  selected  for  the  maximum 
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load.  But  any  type  of  motor  can  be  used  successfully  where  the 
pump  delivers  at  a uniform  rate  against  a constant  head  (as- 


Same  as  below,  with.  Top  of  Pump  Casing  Raised,  showing  Interior  Construction. 


Fig.  56. — Twelve-inch  Three-stage  Centrifugal  Pump,  Direct  Connected  to 

Turbine. 

Installed  at  Charlotte,  N.  C.,  by  Morris  Machine  Works. 

into  a reservoir).  Knowing  the  speed  at  which  the  pump  is 
intended  to  revolve  under  ordinary  working  conditions,  and  the 
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horse-power  required  to  operate  it,  a motor  is  selected  designed 
for  the  same  speed  and  dehvering  the  required  horse-power. 
Where  it  is  desired  to  pump  against  two  different  heads,  as  where 
a “ fire  pressure  ” is  used  higher  than  the  domestic  pressure,  a 
two-speed  motor  will  give  higher  efficiency,  but  will  cost  more, 
occupies  more  space,  and  has  more  parts  to  get  out  of  order. 
In  one  plant,  for  instance,  a two-speed  50-  and  7 5 -horse-power 
motor  cost  $875,  while  a 6o-horse-power  constant-speed  motor 
cost  S583;  each  of  these  being  direct-connected  to  a deep-well 
multi-stage  centrifugal  pump  in  a 20-inch  well. 

A centrifugal  pump  may  be  driven  directly  by  a steam  engine 
but  a low-velocity  pump  must  be  used,  as  more  than  600  r.p.m., 
or  at  most  800,  is  not  generally  practicable  for  a steam  engine; 
and  even  this  rate  cannot  be  reached  by  the  engine  until  the 
pump  has  been  operating  for  several  minutes.  By  using  a belt 
or  gear  connection,  the  most  effective  velocity  of  both  engine 
and  pump  can  be  adopted,  and  generally  this  will  give  a higher 
efficiency,  even  after  deducting  for  loss  by  friction  in  gears  or  in 
belting  and  shafting. 

INTERNAL-COMBUSTION  ENGINES 

Small  steam-pumping  plants  are  extravagant  of  fuel,  and  do 
well  to  secure  a pump-horse-power  hour  on  4 or  5 pounds  of 
coal.  A good  gasoline  engine  will  generate  a horse-power  hour 
on  ^ gallon  of  gasoline.  With  coal  at  $3  a ton,  the  former  gives 
0.6  to  0.75  cent  per  horse-power  hour;  the  latter  gives  2 cents 
with  gasoline  at  16  cents  per  gallon.  But  the  steam  plant 
requires  an  engineer  and  fireman  in  constant  attendance,  the 
additional  first  cost  of  the  boiler  and  boiler  room  and  coal  shed, 
and  the  additional  space  for  these;  while  the  gasoline  plant 
requires  practically  no  attention;  none,  in  fact,  except  that  there 
is  a certain  liabihty  to  “ engine  trouble,”  which  is  the  chief 
objection  to  internal-combustion  engines. 

Internal-combustion  engines  are  used  as  prime  movers  up  to 
75  h.p.  with  gasoline  or  illuminating  gas;  to  200  h.p.  with  pro- 
ducer or  natural  gas;  and  up  to  500  h.p.  with  oil  engines. 
Gasoline  is  changed  to  gas  before  being  used  in  the  internal- 
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Fig.  57.  Eight-inch  Three-stage  Centrifugal  Pumps,  Direct  Connected  to  135  Horse-power  Gas  Engines 

Installed  in  Stratford.  Ont..  Water  Works;  Morris  Pump;  Van  Blerk  Gas  Engine. 
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combustion  engine;  and  this  or  other  gas  is  drawn  into  the  cylin- 
der of  such  an  engine,  mixed  with  air  and  ignited  by  an  electric 
spark,  thus  producing  an  explosion  and  sudden  rise  of  pressure. 
In  the  oil  engine  the  fuel  is  introduced  gradually  and  burns 
without  explosion,  the  heat  expanding  the  air.  The  air  in  the 
cylinder  being  compressed  to  500  pounds  pressure,  the  tempera- 


Fig.  58. — Triplex  Power  Pump. 

Belt-connected  to  engine.  The  belt-driven  wheel  at  the  left,  through  shaft  and  pinion; 
drives  the  large  gear  wheel,  which  in  turn  gives  reciprocating  motion  to  the  plunger 
rods.  Made  by  Goulds  Mfg,  Co, 


ture  due  to  this  compression  ignites  the  oil.  Gas  engines  lose 
power  with  altitude  above  sea  level,  owing  to  the  less  amount 
of  oxygen  per  foot  of  air.  For  instance,  an  engine  at  Denver 
would  have  but  80  per  cent  as  much  horse-power  as  at  sea  level. 

Internal-combustion  engines  are  generally  connected  to  the 
pump  end  by  gears,  sometimes  by  belting.  A common  combina- 
tion is  a gas  or  gasoline  engine  gear-connected  to  a triplex, 
single-acting  power  pump,  the  three  plungers  of  which  are  con- 
nected to  a single  shaft  with  three  cranks  making  angles  of  120° 
with  each  other. 
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HYDRAULIC  TURBINES 

A water  turbine  or  other  water-power  engine  may  be  used 
direct-,  belt-  or  gear-connected  to  centrifugal  or  reciprocating 
pumps,  where  water  power  is  available.  In  case  of  direct  con- 
nection, both  pumps  and  turbine  must  of  course  be  designed 
for  the  same  rate  of  revolution.  Efficiency  of  a turbine  of  8o 
per  cent  may  readily  be  obtained;  but  if  gearing  be  interpo- 
lated between  this  and  the  pump,  the  power  delivered  may 
be  only  65  per  cent  of  that  in  the  penstock.  Water  power 
is  often  subject  to  interruption  by  droughts  or  floods,  and 
an  auxiliary  plant  operated  by  steam,  electricity,  etc.,  should  be 
provided  for  occasional  use.  A common  combination  is  a tur- 
bine direct-connected  to  a centrifugal  pump,  the  shaft  common 
to  the  two  being  either  horizontal  or  vertical. 

STEAM  TURBINES 

Steam  turbines  have  come  into  use  since  1910,  and  are  now 
in  use  in  at  least  twenty-five  water- works  plants.  They  consist 
of  a number  of  wheels  or  rotors  on  a shaft  inside  a casing,  each 
carrying  buckets  into  which  steam  is  discharged  from  nozzles, 
the  steam  expansion  taking  place  only  partially  in  the  first  stage 
and  being  continued  in  successive  stages  until  it  finally  exhausts 
into  a vacuum  of  about  28  to  29  inches.  They  are  ordinarily 
used  for  driving  centrifugal  pumps,  but  the  wheels  or  runners 
make  several  thousand  revolutions  a minute,  and  it  is  therefore 
impracticable  to  connect  them  directly  to  the  pumps.  But 
reduction  gears  for  connecting  the  pump  and  steam  turbine 
through  flexible  couplings  have  been  perfected  that  give  96  to 
98  per  cent  efficiency. 

Any  steam  pressure  can  be  employed,  and  in  some  cases 
steam  turbines  are  driven  partly  or  wholly  by  the  exhaust  from  a 
reciprocating  engine.  They  also  utilize  efficiently  any  degree 
of  superheat.  For  general  water- works  practice  the  best  results 
are  obtained  with  175  pounds  steam  pressure,  100°  superheat, 
and  28^  to  29  inches  vacuum. 
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Given  a vacuum  of  28  inches  and  150  pounds  steam  pressure, 
with  dry  steam,  the  pounds  of  steam  required  per  pump  horse- 
power per  hour  will  vary  from  about  16.5  for  100  h.p.  to  13.2  for 


Table  No.  36 

PERCENTAGES  OF  WATER  WORKS  PLANTS  USING  EACH  OF  THE 
SEVERAL  KINDS  OF  POWER  FOR  PUMPING.  BY  GEOGRAPH- 
ICAL DISTRICTS 


(Compiled  from  information  from  609  cities  by  "Municipal  Journal"  in  1917 


Geographical  Division. 

Percentage  Plants  in 
this  District  are 
of  all  the  Plants 
Considered. 

Steam. 

Electricity, 

1 

Internal 

Combustion. 

Hydraulic. 

Steam  and  Electric. 

Other  Combina- 

tions. 

New  England 

9-85 

53  3 

13-3 

10. 0 

50 

8.3 

10. 0 

Middle  Atlantic 

13.80 

57-1 

9-5 

4.8 

I . 2 

II. 9 

15-5 

East  North  Central.  . . 

31.00 

55-0 

15-9 

3-2 

2.  I 

19.0 

4.8 

West  North  Central.  . 

17.60 

41. 1 

33-6 

1.9 

21-5 

1.9 

South  Atlantic 

9-03 

52.7 

27-3 

3-6 

12.7 

3-6 

East  South  Central.  . . 

6. 24 

68.4 

21 . 1 

2 . 6 

7-9 

West  South  Central..  . 

5-75 

51-4 

14-3 

8.6 

22.9 

2.8 

Mountain 

Pacific 

1 . 64 

5 •'^9 

10. 0 

16. 1 

70.0 

51.6 

3-2 

20.0 

9.9 

19. 2 

Entire  United  States.  . 

100.00 

50-4 

21 . 9 

4- 1 

1-3 

iS-9 

6.4 

Same  as  above,  but  with  figures  for  each  kind  increased  by  adding  to  them  as  follows: 
Where  two  kinds  of  power  are  combined  in  one  plant,  each  kind  is  credited  as  L’  where 
there  are  three  kinds,  each  is  credited  with  L 


Steam. 

Electricity. 

Internal 

Combustion. 

Hydraulic. 

New  England 

58.9- 

21.4 

13.0 

6.7 

Middle  Atlantic 

65-7 

20.4 

9-7 

4.2 

East  North  Central. . . 

66.3 

26.1 

3-7 

3-9 

West  North  Central . . 

52.3 

44-9 

2.8 

South  Atlantic 

59- 1 

35-5 

5-4 

East  South  Central.  . . 

72.4 

25.0 

2.6 

West  South  Central..  . 

64-3 

25-7 

10. 0 

Mountain 

20.0 

80.0 

Pacific 

21 .0 

66. 1 

6.5 

6.4 

Entire  United  States.  . 

59-5 

31-9 

5.8 

2.8 
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800  h.p.  The  amount  would  increase  5 per  cent  for  i inch  drop 
in  vacuum,  per  cent  for  each  10  pounds  drop  in  steam 
pressure,  and  i per  cent  for  each  10°  superheat. 

Turbine  pumping  units  (steam  turbine  and  pump  combined) 
have  developed  duties  up  to  152,000,000  foot-pounds  per  1000 
pounds  of  steam,  and  140,000,000  is  not  uncommon.  Such 
units  require  small  space  and  light  foundations,  a less  efficient 
and  expensive  engine  man  can  be  used  than  for  reciprocating 
engines,  and  cost  of  repairs  is  low,  2 per  cent  of  purchase  cost 
per  year  being  considered  sufficient  to  cover  this.  Those  in 
service  vary  in  capacity  from  100,000,000  gallons  per  day  against 
a 56-foot  head,  in  Pittsburgh,  down  to  2,000,000  gallons  and 
perhaps  less.  The  cost  of  the  turbines  in  1914  varied  from 
$19  per  horse-power  for  250  h.p.  to  $9  for  1000  h.p.  or  larger. 

A looo-h.p.  turbine  and  12  m.g.d.  (million  gallons  per  day) 
pumping  unit  occupies  19  feet  by  6 feet  9 inches,  and  7 feet  height, 

WINDMILLS 

For  very  small  plants  windmills  are  sometimes  used,  in 
connection  with  a tank  for  storage  during  calm  weather.  It 
is  very  desirable,  however,  to  provide  a gasoline  or  similar 
engine  to  supplement  the  wind  engine.  The  whole  may  be 
combined  in  one  structure,  the  windmill  above  the  tank,  the 
gasoline-engine  housed  in  beneath  it.  Wind  engines  may  be 
obtained  of  4 h.p.  easily  capable  of  pumping  200,000  gallons 
per  day  100  feet  high;  but  dependence  probably  should  not 
be  placed  upon  an  average  of  more  than  75,000  gallons  per 
day  from  such  an  engine,  owing  to  the  uncertainty  of  the  wind. 

BOILER  PLANTS 

Boilers  in  common  use  in  water  works  may  be  classified  as 
return  tubular,  set  in  brick  work;  internally  fired  (marine 
type)  fire  tube;  and  water  tube.  In  the  first  the  water  is 
contained  in  the  steel  casing  or  shell,  and  the  fire  on  the  grate 
is  immediately  under  one  end  of  this  shell,  the  flame  and  hot 
gases  following  along  the  under  side  of  the  boiler  to  the  rear, 
then  up,  and  back  to  the  front  through  a large  number  of  hori- 
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zontal  steel  tubes  that  connect  the  front  and  rear  ends  of  the 
boiler  and  are  surrounded  by  the  water,  the  hot  air  passing 


Fig.  59. — Water-tube  Boilers. 

Upper,  Babcock  & Wilcox;  lower,  Heine.  Underfeed  stoker  shown  in  each.  D — depth  of 
grate.  A — distance  from  center  of  fire  to  nearest  exposed  part  of  tubes. 


through  them  thus  helping  to  heat  this  water.  These  boilers 
are  set  in  brick  work  that  must  be  built  on  the  spot.  In  the 
internally  fired  boiler  the  lire  box  is  built  of  steel  as  a part  of  the 
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boiler  and  the  brick  setting  is  not  necessary,  but  the  total  cost 
is  about  as  great.  These  are  not  often  used  for  permanent  plants. 
In  the  water-tube  boiler  there  is  no  steel  shell  in  contact  with  the 
fire,  but  the  water  passes  through  several  connected  tubes, 
a large  number  of  which  are  assembled  in  an  inclined  group  that 
deliver  the  steam  into  a drum  to  which  they  are  connected  at 
their  upper  ends;  the  flame  and  hot  gases  passing  up  and  around 
and  between  these  tubes  (see  Fig.  59).  The  danger  of  explosion 
is  less  in  these  than  in  flue  or  fire-tube  boilers,  since  tubes  are 
not  injured  by  intense  heat  as  easily  as  riveted  plates.  These 
boilers  are  to  be  preferred  for  pressures  of  150  pounds  and  over, 
and  are  common  of  sizes  up  to  300  to  500  h.p.  Steam  can  be 
raised  in  them  more  quickly  than  in  return  tubular,  but  it 
requires  closer  attention  to  keep  the  steam  pressure  uniform. 

The  capacity  of  a boiler  may  be  expressed  in  square  feet  of 
heating  surface,  but  “ boiler  horse-power  ” is  the  unit  more 
commonly  used,  this  being  standardized  by  the  American 
Society  of  Mechanical  Engineers  to  mean  the.'power  to  evaporate 
30  pounds  of  water  per  hour  at  a gauge  pressure  of  70  pounds 
and  from  a temperature  of  100°  F.  This  is  about  equivalent 
to  evaporating  34J  pounds  of  water  from  a feed-water  tempera- 
ture of  212°  to  steam  at  the  same  temperature.  This  requires 
about  10  or  12  square  feet  of  heating  surface  per  horse-power. 
It  is  better  to  purchase  boilers  by  the  area  of  heating  surface, 
calculating  the  area  desired  on  that  basis. 

The  amount  of  water  evaporated  per  pound  of  coal  under  best 
working  conditions  is  about  9 pounds  by  the  best  bituminous, 
8 pounds  by  ordinary  bituminous  or  large  anthracite,  and 
7 pounds  by  buckwheat  anthracite.  For  ordinary  bitu- 
minous the  grate  surface  should  be  about  A of  the  heating 
surface;  for  large  anthracite  A,  and  for  buckwheat  A.  With 
forced  draft  the  bed  of  coals  can  be  kept  thicker  and  a smaller 
grate  area  used.  As  an  average,  where  conditions  are  not 
exactly  known,  7^  pounds  of  water  per  pound  of  coal,  and  a 
grate  area  A the  heating  surface  are  often  used.  The  ac- 
companying table  shows  ordinary  dimensions  of  return  tubular 
boilers. 


Table  No.  37 


MEASUREMENTS  FOR  • SETTING  OF  RETURN  TUBULAR  BOILERS 


Reference  Letters  on  Di.\grams. 

No. 

A 

5 

C 

! ^ 

E 

F 

G 

H 

I 

J 

K 

L 

M . 

Feet. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

Ins. 

I 

7 

30 

12 

20 

16 

45 

44 

7 

30 

62 

83 

,26 

19 

2 

8 

36 

12 

20 

16 

48 

47 

8 

36 

68 

92 

26 

22 

3 

10 

42 

14 

20 

16 

48 

47 

8 

42 

74 

98 

27 

21 

4 

12 

44 

14 

24 

16 

48 

461 

10 

44 

76 

100 

27 

21 

5 

14 

48 

16 

24 

16 

47 

45  § 

10 

48 

88 

103 

26 

21 

6 

12 

60 

18 

24 

20 

50 

48 1 

12 

60 

108 

118 

26 

24 

7 

i6 

60 

18 

26 

20 

50 

48 

12 

60 

108 

I18 

26 

24 

8 

i6 

66 

18 

28 

20 

50 

48 

12 

66 

114 

124 

26 

24 

9 

i8 

72 

20 

30 

20 

50 

48  i 

12 

72 

120 

130 

26 

24 

10 

i8 

84 

20 

30 

20 

50 

48 

12 

84 

132 

142 

26 

24 

No. 

N 

Ft.  Ins. 

0 

Ins. 

P 

Ins. 

0 

Ins. 

R 

Ins. 

,S 

Ins. 

T 

Ins. 

U 

Ins. 

Number  of 
Firebrick. 

Number  of 
Common 
Brick  abov'e 
Floor  Level. 

I 

II 

6 

20 

40 

12 

16 

36 

34 

4 

500 

4.800 

2 

12 

6 

24 

40 

12 

16 

36 

' 34 

4 

600 

6,000 

3 

14 

8 

28 

46 

12 

16 

42 

! A2 

4 

750 

8,000 

4 

17 

0 

32 

52 

12 

16 

48 

49 

4 

900 

10,400 

5 

19 

2 

36 

58 

12 

20 

54 

84 

4 

1000 

13.800 

6 

17 

10 

32 

50 

16 

24 

48 

49 

4 

1300 

17,000 

7 

22 

0 

40 

56 

16 

24 

54 

96 

4 

1400 

21,000 

8 

22 

2 

40 

56 

16 

24 

54 

96 

4 

1550 

23.000 

9 

24 

6 

40 

62 

16 

24 

60 

108 

4 

1800 

26.500 

10 

24 

6 

40 

62 

16 

24 

60 

108 

4 

2000 

31.000 
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In  a flue  boiler,  the  boiler  shell  must  be  sufficiently  strong  to 
resist  the  maximum  steam  pressure.  In  a water-tube  boiler  only, 
the  tubes  and  steam  drum  must  resist  this  pressure.  In  the 
former,  soot  forms  on  the  inside  of  the  flues  and  scale  may  form 
on  the  outside;  while  with  the  water- tube  the  scale  may  form 
on  the  inside  and  soot  on  the  outside. 

A pumping  engine  is  driven  not  by  the  amount  of  steam 
used,  but  by  the  amount  of  heat  given  up  by  the  steam ; conse- 
quently the  hotter  the  steam  the  better.  Steam  is  therefore 
‘‘  superheated  ” in  some  plants — that  is,  heat  is  added  beyond 
that  required  to  evaporate  it  under  the  boiler  pressure.  The 
steam  may  be  heated  300°  or  more  beyond  the  evaporation  tem- 
perature, but  100°  is  believed  to  be  best  for  pumping  stations. 
This  increases  the  horse-power  of  a boiler  by  8 to  10  per  cent, 
insures  practically  ‘‘  dry  ” steam  (with  no  entrained  water) 
in  the  engine  cylinders  and  thus  reduces  loss  due  to  cylinder 
condensation.  Superheaters  are  especially  effective  when  ap- 
plied in  a small  water-works  pumping  station  with  low-duty 
triple-expansion  engines.  The  superheater  consists  of  small 
tubes  in  coils  or  with  return  beds,  heated  by  hot  gases  in  the 
boiler  furnace  or  from  some  other  source.  It  costs  about  $8 
or  $10  per  horse-power  and  may  save  10  to  20  per  cent  of  the 
fuel. 

Part  of  the  heat  used  in  the  boiler  is  employed  in  raising  the 
temperature  up  to  212°,  or  to  the  higher  evaporation  point 
determined  by  the  steam  pressure;  and  the  warmer  the  water  that 
enters  the  boiler  (called  feed  water)  the  less  the  heat  required 
for  this.  In  general,  about  i per  cent  of  the  fuel  is  used  for 
every  11°  F.  that  the  feed  water  is  heated  below  212°.  For 
this  reason  all  waste  heat  about  the  station  should  be  used  for 
heating  the  feed  water.  Exhaust  steam  and  condensation  from 
steam  jackets  and  from  steam  piping  are  used  for  this  purpose, 
passing  through  a ‘‘  feed-water  heater.”  Also  surplus  heat 
in  flue  gases  on  their  way  from  boiler  to  chimney  may  be  utilized 
in  the  same  way  by  an  “ economizer  ” — a long,  narrow  brick 
chamber  through  which  the  hot  gases  pass  and  in  which  is  a 
series  of  cast-iron  tubes  through  which  the  feed  water  circulates. 
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By  heating  feed  water  in  a heater  and  then  in  the  economizer, 
the  feed  water  may  enter  the  boiler  at  200°  or  more  instead  of 
60°  and  12  to  15  per  cent  of  the  full  be  saved.  Heater,  econ- 
omizer, and  necessary  pipes  will  cost  $8  to  $10  per  horse-power. 

The  water  must  enter  the  boiler  against  the  steam  pressure, 
which  is  generally  more  than  100  pounds  and  less  than  400. 
If  the  pressure  of  water  in  the  mains  exceeds  the  steam  pressure 
the  feed  water  may  be  drawn  directly  from  the  mains.  If  the 
water  pressure  is  less,  or  other  water  is  used,  a small  feed-water 
pump  is  used  for  this  purpose. 

No  boiler  can  put  into  the  steam  all  the  heat  contained  in 
the  coal,  72  per  cent  efficiency  being  a very  good  record,  although 
81  per  cent  has  been  secured,  and  86  per  cent  if  the  heat  given 
by  economizers  be  included.  The  loss  of  28  per  cent  of  heat 
units  in  the  coal  is  due  to  lack  of  skill  in  firing;  inability  of  the 
boiler  to  transmit  to  the  water  the  heat  in  the  burning  gases 
during  the  short  time  that  they  are  passing  through;  and  the 
heat  necessary  to  produce  draughts  in  the  chimney.  No  boiler 
should  show  less  than  65  per  cent  efficiency  in  practice,  and 
more  than  80°  is  unusually  good,  as  from  10  to  15  per  cent  is 
required  for  draught. 

Chimneys.  The  force  of  draft  created  by  a chimney  is  pro- 
portional to  the  square  root  of  its  height.  Strong  drafts  are 
necessary  if  low-grade  fuels  are  to  be  used,  or  if  a thick  bed  of 
coal  is  to  be  burned — that  is,  if  the  grate  area  is  small.  High 
chimneys  permit  forcing  ” a boiler  when  necessary  and  may 
therefore  serve  instead  of  reserve  boiler  heating  surface  for 
emergencies.  They  also  carry  the  smoke  above  housetops  and 
thus  minimize  nuisance.  The  following  are  recommended  for 
ordinary  conditions:  Free-burning  bituminous,  75  feet;  slow- 
burning  bituminous  slack,  100  feet;  anthracite  pea,  125  feet; 
anthracite  buckwheat,  150.  For  plants  of  1000  horse-power 
or  more  the  range  should  preferably  be  from  150  to  200  feet. 

The  height  being  determined  upon,  the  area  may  be  deter- 
mined by  one  of  several  more  or  less  empirical  formulas.  Kent 
3P  C . . 

gives  area  A= 7^= 7=;  in  which  P is  the  horse- 

loV/f  16.6VH 
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power  of  the  boiler,  H is  the  height  of  the  chimney  in  feet, 
and  C is  the  pounds  of  coal  burned  per  hour  (assumed  to  be 
5 pounds  per  horse-power).  The  area  to  be  used  is  that 
of  a section  4 inches  larger  each  way  than  that  calculated,  it 
being  assumed  that  there  is  2 inches  of  “ dead  ” gas  around  the 
perimeter.  Gale’s  formula  is  A =o.o'jC\  Christie  gives 
P C 

A= 7=  = 7=^,  4 pounds  of  coal  per  horse-power  being 

3.24V  ^ 

assumed. 

Chimneys  are  generally  built  of  brick,  concrete,  or  steel. 
They  must  be  able  to  resist  the  strongest  wind  without  over- 
turning; and  the  foundation  must  be  absolutely  unyielding 
to  maintain  the  chimney  plumb,  remembering  that  wind  may 


Table  No.  38 

BOILER  HORSE-POWERS  FOR  WHICH  VARIOUS  CHIMNEY  HEIGHTS 
AND  DIAMETERS  ARE  BEST  ADAPTED.  PREPARED  FROM 

Kent’s  formulas,  by  Chicago  bridge  and  iron  works 


Diam. 


Height  of  Chimney,  in  Feet. 


Ins. 

50 

60 

70 

80 

18 

23 

25 

27 

29 

21 

35 

38 

41 

44 

24 

49 

54 

58 

62 

27 

65 

72 

78 

83 

30 

84 

92 

100 

107 

33 

115 

125 

133 

36 

141 

152 

163 

39 

183 

196 

42 

216 

231 

48 

311 

54 

363 

60 

505 

66 

72 

78 

84 

90 

96 

108 

120 

90 


100 

no 

I2S 

150 

175 

200 

119 

149 

156 

182 

I9I 

204 

219 

229 

245 

268 

258 

271 

294 

318 

340 

364 

348 

365 

389 

428 

459 

491 

449 

472 

503 

551 

594 

635 

565 

593 

632 

692 

748 

797 

694 

728 

776 

849 

918 

981 

835 

876 

934 

1023 

1105 

1181 

995 

1038 

1107 

1212 

1310 

1400 

1163 

1214 

1294 

1418 

1531 

1637 

1344 

1415 

1496 

1639 

1770 

1893 

1537 

1616 

1720 

1876 

2027 

2167 

2290 

2470 

2637 

1 

2827 

3049 

3255 

66 

88 

113 

141 

173 

208 

245 

330 

427 

539 

658 

792 
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cause  a unit  pressure  on  the  leeward  side  double  the  average 
pressure.  Brick  must  resist  overturning  by  wind  pressure  by 
its  weight  only;  steel  chimneys  rely  largely  upon  tensile  strength 
and  anchorage  to  a heavy  foundation,  or  in  some  cases  upon 
guys.  Reinforced  concrete  chimneys  may  be  anchored  to  a 
foundation,  and  rely  partly  upon  weight  and  partly  upon  tensile 
strength  of  reinforcement.  Steel  chimneys  are  apt  to  leak  at  the 
joints  after  some  months  of  use,  and  to  rust  badly,  and  are  prob- 
ably more  expensive  in  the  long  run  than  concrete  or  brick; 
but  may  be  almost  necessary  w^here  a sohd  foundation  cannot 
be  found  to  carry  the  greater  weight  of  the  masonry  chimney; 
and  are  generally  used  where  the  plant  is  temporary  only. 

Art.  60.  Puj^iping  Engines 

The  majority  of  water-works  pumps  are  operated  by  steam, 
and  most  of  those  so  operated  are  what  are  known  as  pump- 
ing engines — that  is,  both  pump  and  steam  engine  are  combined 
in  one  piece  of  apparatus.  There  are  several  t}^es  of  these, 
and  numerous  variations  of  each  t}'pe.  They  may  be  classified 
according  to  the  pump  end,  according  to  the  steam  end,  and  ac- 
cording to  the  combination  of  the  two. 

Considering  the  pump  end,  the  terms  single,  duplex  and 
triplex  are  applied  according  as  there  are  one,  two  or  three 
water  plungers  or  pistons.  The  reciprocating  part  may  be 
either  a piston  or  a plunger;  it  may  be  single-acting  or  double- 
acting— that  is,  may  discharge  water  during  only  one-half  or 
during  both  halves  of  the  stroke.  The  plunger  may  be  either 
ring,  inside  packed  or  outside  packed,  the  last  appl}Tng  to  a 
single-acting  plunger,  or  a double-acting  plunger  wdth  two 
plunger  chambers.  The  last  two  terms  (see  Art.  58)  refer  to 
the  abifity  to  adjust  the  stuffing  box  or  packing  around  the 
plunger  from  the  outside,  or  the  necessity  of  remo\dng  the 
cylinder  head  and  adjusting  it  from  the  inside. 

The  variations  of  the  steam  end  are  even  more  numerous. 
Before  describing  them,  an  explanation  of  the  action  of  the 
steam  end  is  necessary.  The  steam  piston  is  given  its  reciprocat- 
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ing  motion  by  admitting  steam  first  into  one  end  of  the  cylinder 
and  then,  when  the  piston  has  traveled  nearly  to  the  other  end, 
by  admitting  steam  behind  it  at  this  end,  permitting  the  steam 
previously  admitted  to  leave  the  cylinder  as  the  piston  makes 
its  return  stroke.  The  steam  is  admitted  from  the  boiler  at 
approximately  the  pressure  in  the  boiler.  If  it  continues  to 
enter  the  cylinder  during  the  entire  movement  of  the  piston  in 
one  direction,  the  pump  is  described  as  high  pressure,  the  pres- 
sure in  the  cylinder  at  the  end  of  the  stroke  being  approximately 
the  same  as  at  the  beginning,  namely,  that  in  the  boiler.  If,  how- 
ever, the  steam  be  cut  off  when  the  piston  has  traveled  a part  of 
its  stroke  only,  the  steam  already  in  the  cylinder  will  expand  and 
continue  to  force  the  piston  ahead,  although  with  a pressure 
diminishing  and  always  inversely  as  the  volume  occupied  by 
the  steam.  In  this  way  the  pressure  may  be  lowered  to  a small 
fraction  of  that  in  the  boiler. 

The  piston  operates  the  pump  by  forcing  out  and  back  again 
the  piston  rod  attached  to  it,  and  the  pressure  exerted  upon  this 
rod,  and  through  it  to  the  plunger,  is  equal  to  the  area  of  the 
piston  in  square  inches  times  the  pressure  per  square  inch  of  the 
steam  in  the  cylinder.  Assuming  that  the  mechanism  is  devised 
so  as  to  average  up  the  pressure  between  the  maximum  delivered 
at  the  beginning  of  the  stroke  and  the  minimum  delivered  at  the 
end,  such  average  will,  of  course,  be  less  than  the  maximum; 
and  therefore  to  deliver  a certain  average  pressure  with  a given 
boiler  pressure,  the  area  of  piston  and  cyhnder  must  be  greater 
than  in  the  case  of  a high-pressure  engine.  Another  disad- 
vantage of  using  steam  expansively  is  that,  as  the  pressure  de- 
creases, the  temperature  does  also,  and  we  have  a continuous 
rising  and  falling  of  temperature  of  steam,  and  consequently 
a tendency  for  the  temperature  .of  the  cylinder  and  all  its  parts 
.to  vary  similarly.  This  latter  effect  may  be  counteracted  to  a 
large  extent  by  steam- jacketing  the  cylinder — that  is,  providing 
a jacket  or  envelope  around  the  cylinder  through  which  steam 
from  the  boiler  is  passed. 

The  advantage  of  using  the  s-team  expansively  is  that  much 
more  of  the  power  existing  in  the  steam  by  reason  of  its  pressure 
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and  temperature  is  utilized.  Still  more  can  be  utilized  by  con- 
densing the  steam  as  it  leaves  the  cylinder  (in  which  case  it 
is  called  a condensing  engine),  by  which  condensation  a partial 
vacuum  is  created.  Still  another  method  is  to  use  the  exhaust 
from  one  cylinder  in  another  larger  cylinder.  For  instance, 
if  the  steam  in  the  high-pressure  cylinder  is  allowed  to  expand 
to  double  its  original  volume,  it  can  then  be  discharged  into  a 
low-pressure  cylinder  having  double  the  size  of  the  high-pres- 
sure and  here  be  allowed  to  further  expand  until  discharged  at 
approximately  air  pressure,  or  at  less  than  air  pressure  into  a 
condenser.  In  high-duty  engines  the  process  is  carried  still 
further  and  we  have  high-pressure,  intermediate-pressure  and 
low-pressure  cylinders  recei\dng  the  same  steam  in  succession. 
One  considerable  advantage  of  this  double  or  triple  expansion 
is  that  the  variation  of  temperature  in  any  one  cyHnder  is 
only  about  one-half  or  one-third  as  great  as  when  but  one 
cylinder  is  used.  This  not  only  obviates  the  effect  of  rapid 
changes  in  the  metal  of  the  cylinder,  but  diminishes  the  loss  of 
heat  by  radiation  from  the  cylinder,  or,  if  the  cyhnder  is 
steam-jacketed,  diminishes  the  amount  of  heat  lost  in  the 
jacketing  steam. 

It  is  found  impracticable  to  reduce  the’  steam  pressure  at 
the  end  of  its  work  to  less  than  5 pounds  absolute  pressure,  or 
about  10  pounds  less  than  atmospheric  pressure,  and  the  majority 
of  engines  do  not  equal  this.  (The  steam  gage  registers  pres- 
sure above  atmospheric  pressure,  and  absolute  pressure  is 
obtained  by  adding  to  this  14.7  pounds — 15  is  used  for  approx- 
imate calculations.)  If,  therefore,  the  steam  gage  reads  80 
pounds,  indicating  95  pounds  absolute  pressure,  and  the  pressure 
as  discharged  from  the  final  cylinder  is  5 pounds,  the  steam  has 
expanded  19  times.  If  the  boiler  pressure  had  been  150  pounds, 
or  165  pounds  absolute,  the  steam  would  have  expanded  35 _ 
times,  or  nearly  twice  as  much.  It  would,  of  course,  have  re- 
quired considerable  more  coal  to  have  raised  the  temperature 
of  the  steam  from  80  degrees  to  150  degrees;  but  with  full 
allowance  for  this,  we  still  would  obtain  a greater  amount  of 
energy  per  unit  of  heat  (or  its  equivalent  of  coal)  from  a given 
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applicance,  thus  increasing  the  efficiency  or  duty  of  the  engine. 
Actual  figures  indicate  that  by  increasing  the  steam  pressure 
in  a given  engine  from  8o  to  150  pounds  and  at  the  same  time 
decreasing  the  absolute  pressure  at  the  terminal  from  10  pounds 
to  5 pounds,  the  duty  per  thousand  pounds  of  steam  has  been 
increased  27  per  cent. 

The  work  done  by  a given  engine  is  expressed  in  terms  of 
Dressure  exerted  in  the  cylinder  times  feet  over  which  the  cylin- 
der rod  passes  in  a unit  of  time.  Consequently,  the  greater  the 
speed  of  a piston  of  a given  size,  the  greater  the  amount  of 
energy  developed.  In  a reciprocating  engine,  all  of  the  moving 
parts  must  be  brought  to  a standstill  and  given  motion  in  a new 
direction  twice  during  each  complete  Cycle,  this  including  the 
piston  and  its  rod,  the  valves  controlling  the  entrance  and  exit 
of  the  steam,  the  water  plunger,  and  the  valves  through  which 
the  water  enters  and  leaves  the  cylinder.  The  more  rapidly 
these  move,  the  greater  the  momentum  to  be  overcome  in  revers- 
ing direction  of  motion.  For  this  and  for  other  practical  reasons, 
high  velocity  introduces  losses  which,  if  carried  beyond  a cer- 
tain point,  are  not  compensated  for  by  any  saving  in  construc- 
tion cost  secured  by  reducing  the  size  of  the  engine  and  pump. 
Low  cost  of  a small  high-speed  engine  should  not  tempt  the 
purchaser  to  overlook  the  disadvantages  of  this  loss  of  energy 
and  the  additional  one  that  there  is  much  greater  probabifity 
of  the  breaking  of  valves  and  other  minor  parts  and  a general 
racking  of  the  pump  which  cause  high  maintenance  charges. 

The  varying  steam  pressure  in  a cyHnder  can  be  recorded 
by  an  indicator,  a small  contrivance  attached  to  the  cylinder 
at  one  end,  in  which  contrivance  a pen  records  upon  a small 
revolving  cylinder  a curve  whose  vertical  ordinates  are  pro- 
portional to  the  pressure  in  the  cylinder.  Cards  placed  on 
the  three  cylinders  of  a triple- expansion  engine  are  shown 
herewith.  In  this  case  the  initial  steam  pressure  was  165 
pounds  absolute,  leaving  the  high-pressure  cylinder  and  enter- 
ing the  intermediate  at  42.36  pounds  absolute,  leaving  the 
intermediate  cylinder  and  entering  the  low  pressure  at  11.45 
pounds  absolute,  and  leaving  the  low-pressure  cylinder  at 
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5 pounds  absolute.  The  high-pressure  cylinder  had  a diameter 
of  30  inches,  the  intermediate  cylinder  56  inches,  and  the  low- 
pressure  cylinder  84  inches.  Ah  three  cylinders  had  a stroke 
of  66  inches — that  is,  each  of  the  pistons  traveled  66  inches  in 
each  direction.  The  steam  entering  the  high-pressure  cylinder 
was  cut  off  when  the  piston  had  traveled  16.96  inches,  and  dur- 
ing the  remaining  49.04  inches  exerted  pressure  through  expan- 
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Fig.  60. — Mariotte  Curve  of  a Triple  Expansion  Engine. 

Range  of  temperature:  High-pressure  cylinder,  initial  temperature,  365°,  terminal  tem- 
perature, 270°;  intermediate,  270°  and  197°:  low-pressure,  197°  and  162°. 

Adapted  from  Chas.-A.  Hague’s  “ Pumping  Engines  for  Water  Works.” 


sion  only.  The  steam  was  cut  off  from  the  intermediate  cylinder 
at  17.84  inches  from  the  beginning  of  the  stroke  and  from  the 
low-pressure  cylinder  at  28.73  inches  from  the  beginning  of  the 
stroke.  As  is  seen  from  the  diagram,  the  net  or  effective  pres- 
.sure  against  the  piston  in  the  high-pressure  cylinder  remained 
at  (165— 42.36)  = 122.64  pounds  during  the  first  16.96  inches 
of  the  stroke,  after  which  it  decreased  to  zero  at  the  end  of  the 
stroke,  but  more  rapidly  at  the  beginning  than  at  the  end. 
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If  the  area  enclosed  in  this  diagram  be  divided  by  the  horizontal 
axis,  or  length  of  stroke,  the  mean  effective  pressure  would  be 
found  to  be  52.323  pounds.  As  the  area  of  the  piston  was  706 
square  inches,  the  mean  effective  pressure  exerted  on  the  piston 
was  36,940  pounds.  As  this  piston  was  traveling  200  feet  per 
minute,  it  developed  224  h.p.  A similar  calculation  for  the  inter- 
mediate cylinder  shows  that  the  mean  effective  pressure  was 
14.998  pounds,  and  that  the  area  of  the  piston  was  such  as  to 
give  the  same  mean  effective  pressure  and  consequently  the  same 
horse-power  (since  all  three  pistons  traveled  at  the  same  rate) 
as  the  high  pressure.  Similarly,  the  mean  effective  pressure 
in  the  low-pressure  cylinder  was  6f  pounds,  but  the  mean 
effective  force  on  the  entire  area  of  the  piston  totaled  the  same 
as  for  the  other  two  cylinders.  The  total  horse-power  by  the 
three  cylinders  was  therefore  three  times  224,  or  672  h.p. 
Calculating  from  the  size  of  the  cylinder,  it  can  be  determined 
that  the  amount  of  steam  used  per  hour  was  6334  pounds. 
This  was  a steam- jacketed  engine,  and  1158  pounds  per  hour 
were  used  in  the  steam  jackets,  giving  a total  amount  of  steam 
consumed  per  hour  of  7492  pounds,  or  11.14  pounds  per  indicated 
horse-power  per  hour. 

The  672  h.p.  referred  to  was  that  developed  by  the  pistons 
and  is  known  as  indicated  horse-power.  The  overcoming  of 
inertia  of  the  moving  parts  of  the  engine,  friction  of  the  piston 
and  piston  rod  and  other  moving  parts,  and  other  mechanical 
losses,  may  amount  to  from  3I  to  20  per  cent  or  more,  4 or  5 
per  cent  loss  being  a good  record  for  a high-duty  engine.  This 
means  that  95  or  96  per  cent  of  the  672  i.h.p.  would  be  actually 
transmitted  to  the  pumping  end  of  the  pumping  engine.  The 
power  so  transmitted  is  called  the  pump  horse-power. 

Until  the  past  few  years,  practically  all  pumping  engines 
were  built  with  the  axes  of  both  steam  cylinders  and  water 
cylinders  horizontal.  There  has  been  developed  a high-duty 
engine  in  which  the  cylinders  are  placed  with  their  axes  vertical, 
called  a vertical  engine.  In  the  horizontal  engines,  the  steam 
and  water  cylinders  were  in  most  cases  “ direct  connected,” 
that  is,  the  same  piston  rod  extended  from  the  steam  piston  to 
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the  plunger  or  piston  of  the  water  end.  In  the  crank  and  fly- 
wheel pump,  of  which  the  Holly  is  the  best  known  illustration, 
the  steam  piston  rod,  by  means  of  a crank  or  eccentric,  drove  a 
shaft  carrying  a large  flywheel,  to  which  was  also  connected  the 
piston  or  plunger  rod  of  the  pump.  The  object  of  this  construc- 
tion was  as  follows:  During  the  first  part  of  the  stroke  the  pres- 
sure on  the  steam  piston  is  considerably  greater  than  the  mean 
for  the  entire  stroke,  while  at  the  latter  end  it  is  considerably 
less.  In  order  to  maintain  uniform  rate  of  motion  of  the  water 
plunger  and  also  to  use  effectively  the  surplus  energy  of  the  first 
part  of  the  stroke,  it  is  necessary  in  some  way  to  store  up  this, 
surplus  to  be  utilized  at  the  end  of  the  stroke.  This  is  done  by 
means  of  the  flywheel,  which,  because  of  its  mass,  continues  to 
revolve  at  a uniform  rate  and  thus  carries  the  water  plunger  at 
such  rate  through  the  latter  part  of  the  stroke  when  the  steam 
pressure  diminishes  to  zero.  Another  method  of  accomplishing 
the  same  purpose  was  adopted  for  the  Worthington  high-duty 
pump,  this  consisting  of  two  plungers  which  compress  water 
in  two  small  cylinders  during  the  first  part  of  the  stroke,  which 
water  expanding  added  its  force  to  the  piston  rod  during  the 
latter  part  of  the  stroke. 

In  most  of  the  horizontal  direct-acting  engines  the  two  or 
three  cylinders  of  the  compound  or  triple-expansion  engine  were 
placed  in  line  so  that  all  actuated  the  same  piston  rod.  In  one 
type  of  pump,  however,  a high-pressure  and  a low-pressure  cylin- 
der are  placed  side  by  side,  each  actuating  its  own  piston  rod  and 
each  piston  rod  direct  connected  to  its  own  water  cylinder.  This 
type  is  known  as  the  “ cross-compound,”  and  has  been  developed 
to  a high  state  of  efficiency,  probably  surpassing  any  other  type 
for  capacities  up  to  about  10,000,000  gallons  per  day. 

The  advantages  of  two  or  three  water  cylinders  discharging 
into  the  same  discharge  pipe  have  already  been  explained.  To 
secure  this  advantage,  many  water  works  pumps,  and  all  of  the 
high-duty  ones,  consist  of  practically  two  or  three  engines  built 
side  by  side  as  part  of  the  same  machine.  The  cross-compound 
referred  to  is  a two-cylinder  or  duplex  engine,  and  most  of  the 
high-duty  water-works  engines  have  been  duplex.  The  triple- 
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expansion  engine  arranged  as  a direct-connected  engine  intro- 
duced a number  of  objectionable  features,  one  of  these  being 
the  great  length  of  engine  and  foundation  with  the  three  cylinders 
placed  in  line,  another  being  the  difficulty  of  getting  at  the  middle 
of  the  three  cylinders  for  repairs  of  any  kind.  The  engine  was 
expensive  and  this  type  was  ordinarily  used  for  only  engines  of 
more  than  six  or  eight  million  gallons  per  day.  In  the  water 
end  of  a horizontal  engine  the  suction  is  measured  to  the  valve 
deck,  which  is  near  the  top  of  the  water  cylinder,  and  as  every 
foot  of  suction  lift  is  an  important  matter,  the  additional  suc- 
tion lift  above  engine  foundation  level  caused  by  the  large  water 
cylinders  was  a disadvantage.  Mechanical  difficulties  con- 
nected with  securing  a sufficiently  strong  and  inflexible  structure 
on  a single  engine  bed  was  another  objectionable  feature  of 
horizontal  triple-expansion  engines  of  large  capacity. 

Several  of  these  objections  are  overcome  by  the  vertical 
engine,  in  which  the  water  cylinder  is  placed  at  the  floor  level 
and  the  steam’  cylinder  vertically  above  it,  either  direct 
connected  or  with  crank  and  flywheel.  The  most  efficient  form 
of  high-duty  vertical  engine  to  date  is  a triple  expansion  one 
in  which  the  three  steam  cylinders  are  placed  side  by  side,  as  in 
the  cross-compound,  all  three  connected  to  and  driving  a crank 
shaft  which  carries  two  flywheels,  and  also  direct  connected  to 
the  plungers  of  three  water  cyhnders.  In  these  engines  the  pump 
ends  are  made  single  acting,  with  outside-packed  plungers; 
and  as  the  water  is  all  taken  in  at  the  bottom  of  the  cylinder, 
the  suction  lift  is  not  increased  by  increasing  the  size  of  the 
pump.  Another  advantage  in  some  localities  is  that,  in  case  of 
flooding  of  the  pumping  station,  the  water  can  rise  several  feet 
above  the  floor  without  affecting  the  pumping  engine,  since  the 
steam  cylinders  are  the  only  portions  which  would  be  affected  by 
water. 

Reviewing  the  above  as  to  type  and  form  of  engine,  we  find 
in  water-works  service  (although  not  all  of  them  are  now  being 
manufactured)  compound,  non-condensing,  horizontal;  com- 
pound, condensing,  horizontal;  triple,  non-condensing,  horizon- 
tal; triple,  condensing,  horizontal;  each  of  the  latter  two  either 
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Fig.  6i.— 25-Mmion  GaUon  Vertical  Triple  Expansion  Pumping  Engine  at  Cleve- 

land  Water  Works. 

Built  by  Allis-Chalmers  Mfg.  Co. 
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with  or  without  Worthington  high-duty  attachments,  and  all 
four  of  the  direct-acting  type.  Of  the  crank  and  flywheel  or 
rotative  type  we  find  the  cross-compound,  condensing,  high- 
duty,  both  horizontal  and  vertical;  a double  compound,  con- 
densing, high-duty,  horizontal  (the  Gaskill-Holly) ; the  triple, 
condensing,  high-duty,  horizontal;  and  the  triple,  condensing, 
high-duty,  vertical.  The  horizontal,  compound,  non-condens- 
ing, direct-acting  engine  is  not  adapted  to  pumping  capacities 
of  more  than  about  i,ooc,ooo  gallons  per  day,  and  even  for 
engines  of  this  capacity  is  uneconomical  except  where  coal  is  very 
cheap.  The  horizontal,  triple,  condensing,  direct-acting,  known 
as  the  low-duty  triple,  gives  good  service  up  to  6,000,000  gallons 
capacity,  and  is  a good  compromise  between  a low-duty  and  high- 
duty  pump  for  engines  up  to  this  size.  The  high-duty,  triple, 
condensing,  direct-acting  engine,  either  horizontal  or  vertical, 
is  the  most  economical  direct-acting  engine  in  service  and  is 
used  up  to  40,000,000  gallons  per  day.  Of  the  crank  and 
flywheel  engines,  the  horizontal  Holly  was  an  excellent  engine 
and  many  are  still  in  service  giving  quite  high  duty.  The  old 
Holly,  however,  was  very  extravagant  of  space,  and  higher  duties 
are  now  obtainable  at  a lower  cost  by  means  of  the  Reynolds 
type  of  vertical,  triple-expansion,  condensing,  crank  and  flywheel 
engine,  which  is  probably  the  best  obtainable  for  capacities  of 
over  10,000,000  gallons  per  day.  For  capacities  below  this  the 
horizontal  cross-compound  has  for  a number  of  years  been 
generally  favored.  The  above  gives  the  broad  lines  by  which 
different  pumping  engines  are  distinguished,  but  there  are 
numerous  minor  details  which  enter  into  the  designing  and  con- 
struction of  a pump  which  aid  in  securing  high  efficiency,  low 
maintenance  cost,  and  certainty  of  continuous  operation.  The 
last  is  by  no  means  the  least  important  requirement,  since  a pump 
which  frequently  breaks  down  is  not  only  expensive  for  repairs 
and  annoying,  but  may  cause  enormous  fire  losses  through  failure 
to  operate  at  a critical  time.  The  details  as  to  size,  type  and 
material  employed  in  the  valves  of  both  steam  and  water  ends, 
the  construction  of  stuffing  boxes  and  other  details  cannot  be 
considered  here.  The  chief  features  desirable  in  the  pump. 
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to  which  all  of  these  details  contribute,  are  economy  in  the  use 
of  steam  and  reliability  of  operation.  For  the  latter,  reliance 
is  generally  placed  upon  the  reputation  of  the  manufacturer 
and  a guarantee  that,  during  several  months  of  operation,  there 
shall  be  no  undue  wear  or  breakage  due  to  fault  in  design,  work- 
manship, or  materials  used  in  the  pump.  Steam  economy 
will  be  considered  under  the  head  of  duty,  in  Art.  6i. 

Art.  61.  Duty  of  Pumping  Plants 

The  duty  of  a pumping  plant  is  a manner  of  expressing 
its  efficiency — the  amount  of  work  done  in  pumping  water  per 
unit  of  energy  employed.  The  work  done.is  the  product  of  the 
pounds  of  water  lifted  and  the  feet  head  (or  2.306  times 
the  pounds  pressure)  against  which  the  pump  operates.  The 
energy  is  the  heat  used,  and  may  be  expressed  in  terms  of  the 
amount  of  steam,  coal,  gas,  or  oil  supplying  the  heat,  or  of 
the  heat  itself  expressed  in  British  thermal  units  (B.t.u.). 

In  the  majority  of  cases  pumps  or  boilers,  or  even  the  entire 
plant,  are  sold  with  a guarantee  that  they  will  operate  with  a 
certain  named  efficiency.  This  is  the  maximum  efficiency  that 
they  will  develop  at  a special  test,  and  it  should  not  be  assumed 
that  it  will  be  maintained  during  service  operation;  for  cheaper 
fuel  may  be  used  than  the  selected  coal  used  in  the  test,  the  fire- 
men be  less  experienced  or  not  always  so  alert,  the  pump  be  not 
always  in  perfect  adjustment,  the  rate  of  pumping  or  head  be 
not  often  that  for  which  the  pump  is  most  efficient,  and  the 
pumps  shut  down  and  the  fires  inoperative  at  night.  J.  N. 
Chester  considers  that  pumps  that  developed  50  million  and 
200  milhon  duty  respectively  per  1000  pounds  of  steam  should  not 
be  expected  to  show  a service  duty,  figured  on  all  the  coal  used 
under  the  boilers,  of  more  than  20  million  and  125  million 
respectively  per  100  pounds  of  coal. 

The  energy  applied  may  be  taken  at  the  throttle  valve 
of  a steam-pumping  engine,  or  at  the  shaft  of  a power  pump, 
in  which  case  we  have  the  duty  of  the  pumping  engine  or  pump 
alone.  Or  it  may  be  taken  as  the  amount  of  coal  or  of  heat 
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in  the  same  used  in  furnishing  steam  to  the  pumps;  or  as  the 
total  amount  of  coal  used  for  this  purpose ^ and  also  for  lighting 
the  plants  and  all  other  purposes  connected  with  it.  The  last, 
called  station  duty,  is  not  strictly  duty,  but  is  a factor  in  deter- 
mining the  total  cost  of  operating  the  pumping  plant. 

PUMPING  ENGINES 

Duty  of  a pumping  engine  alone  is  expressed  as  foot-pounds 
per  looo  pounds  of  dry  steam  used,  or  per  1,000,000  British 
thermal  units.  These  two  are  approximately  equal,  but  not 
exactly;  that  is,  i pound  of  steam  furnishes  about  1000  heat 
units  at  75  pounds  pressure,  but  more  at  higher  pressure.  (A 
heat  or  British  thermal  unit  is  the  amount  of  heat  necessary 
to  raise  i pound  of  water  at  its  maximum  density  through 
1°  F.)  As  an  example,  in  a test  of  a 1 6,000,000-gallon  pumping 
engine  it  was  found  that  the  duty  on  the  basis  of  million  heat- 
units  was  136,260,900  foot-pounds,  on  the  basis,  of  1000  pounds 
of  moist  steam,  146,459,000;  and  on  the  basis  of  1000  pounds  of 
dry  steam,  147,269,000.  The  B.t.u.  (British  thermal  units)  in  a 
pound  of  dry  steam  is  represented  by  the  equation  = 1150.4 
-fo.35(r  — 212) —0.000333 (r  — 212)2,  in  which  T is  the  tempera- 
ture Fahrenheit.  The  B.t.u.  in  water  are  180.0  at  212° — that 
is,  just  before  turning  to  steam  at  atmospheric  pressure;  the 
difference,  or  970.4  B.t.u.,  being  latent  heat.  The  B.t.u.  in 
water  at  the  boiling-point  increase  with  the  pressure,  being 
391.3  at  300°,  and  the  latent  heat  of  evaporation  at  the  same 
point  is  817.0,  the  total  heat  content  being  1208.3.  If  steam 
enters  a steam  cylinder  at  300°  and  leaves  it  as  water  at  212°, 
it  has  made  available  in  the  cylinder  1028.3  B.t.u. 

Water  turns  to  steam  at  212°  at  atmospheric  pressure,  but  the 
steaming  temperature  increases  with  the  pressure,  being  327.9° 
at  100  pounds,  and  417.4°  at  300  pounds.  As  long  as  the  steam 
remains  in  contact  with  the  water  it  cannot  be  raised  above  its 
steaming  or  vaporizing  temperature;  but  if  removed  from  the 
boiler  and  passed  through  heating  coils  (called  a “ superheater  ”) 
on  its  way  to  the  engine  it  can  be  heated  still  higher,  the  addi- 
tional heat  being  called  “ superheat.”  If  saturated  steam  (that 
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is,  not  superheated)  is  cooled  by  any  amount,  part  of  it  turns 
to  water;  but  superheated  steam  can  lose  all  the  superheat  before 
condensing.  Dryness  of  steam  on  entering  the  steam  cyHnder 
is  exceedingly  desirable. 

In  testing  a pumping  engine  on  the  basis  of  pounds  of  dry 
saturated  steam,  the  amount  of  such  steam  used  during  the  test 
would  be  ascertained  by  weighing  all  the  water  fed  to  the  boiler 
(including  any  needed  at  the  end  of  the  test  to  fill  the  boiler  to 
just  the  amount  at  which  it  started),  and  deducting  from  this 
any  leakage  from  pipes  (the  loss  from  steam  pipes  and  boiler 
is  seldom  less  than  0.5  per  cent,  may  be  2 per  cent  in  a test,  and  10 
per  cent  is  not  uncommon  in  service),  calorimeter  waste,  and  the 
amount  of  entrained  water  passing  the  throttle  valve  (which 
is  determined  by  frequent  tests  of  water  blown  from  the  calor- 
imeter outlet).  To  this  will  be  added  an  allowance  for  any 
superheat,  the  superheat  being  reduced  to  pounds  of  steam  that 
could  be  made  by  the  superheat  units. 

If  the  duty  is  on  the  milhon  heat  units  basis,  the  heat  units 
figured  are  those  brought  by  steam  to  the  main  engine  and  its 
appurtenances  and  auxiliaries,  these  including  steam  cylinders, 
steam  jackets,  reheating  coils,  steam  feed  pump,  and  air  pump 
(where  these  are  not  operated  by  the  main  engine,  as  is  frequently 
the  case).  In  the  calculation,  allowance  must  be  made  for  en- 
trained water  in  the  steam  and  for  superheat.  If  there  is 
X per  cent  of  entrained  water  or  moisture  in  the  steam  when 
it  reaches  the  engine,  the  heat  units  obtained  by  taking  the 
amount  of  steam  supplied  and  the  sensible  temperature  of  such 
steam  must  be  diminished  by  x per  cent  of  the  latent  heat  at  the 
pressure  recorded.  The  superheat  units  per  pound  of  steam  are 
found  by  multiplying  by  0.48  the  difference  between  the  tem- 
perature of  the  superheated  steam  and  that  of  saturated  steam 
at  the  indicated  pressure.  The  engine  is  credited  with  heat  in 
the  water  returned  to  the  boiler  from  the  condenser,  exhausts, 
jackets,  etc.,  determined  by  the  amount  and  temperature  of 
water  from  each. 

The  work  done  is  determined  by  measuring  the  amount  of 
water  pumped,  and  the  pressure  head  against  which  it  is 
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pumped,  and  the  suction  head,  both  heads  measured  from 
a common  datum.  The  quantity  can  be  measured  most  accu- 
rately by  discharging  into  a standpipe,  the  depth  of  water  in 
which  is  determined  at  the  beginning  and  end  of  the  test  by 
measuring  down  to  the  surface  from  the  top  of  the  tank  with  a 
steel  tape;  the  pump  discharge  being  throttled  at  the  beginning 
and  gradually  opened  up  to  keep  the  pressure  constant  as  the 
water  rises  in  the  standpipe.  If  a steel  tank  is  not  available  of 
sufficient  size  for  the  entire  test,  it  can  be  used  to  determine  ex- 
actly the  amount  discharged  by  a given  number  of  strokes  of  the 
pump,  such  determination  being  made  at  the  beginning  and  end 
of  the  test,  and  at  intervals  during  it  if  it  lasts  more  than  twelve 
hours;  and  with  this  as  a basis  and  a pump  counter  to  register 
the  number  of  engine  strokes,  the  total  amount  pumped  can  be 
calculated  quite  exactly  if  the  pump  stroke  is  of  unvariable 
length,  as  is  the  case  with  crank-and-flywheel  pumps.  Other 
methods  employed  are  by  use  of  weirs,  venturi  meters,  nozzles 
of  known  delivery  under  certain  heads,  pitometer  measurements, 
etc.,  any  of  which  are  subject  to  an  error  of  i per  cent,  and  of 
much  more  if  not  handled  by  experts.  Or  the  amount  may  be 
determined  by  calculation  from  the  diameter  of  plunger  and 
length  of  stroke,  both  very  carefully  measured,  with  an  estimated 
allowance  for  slip  of  i or  2 per  cent,  the  disadvantage  of  the 
latter  being  the  uncertainty  as  to  the  amount  of  slip. 

The  pressure  head  may  be  measured  by  a pressure  gage, 
tested  for  accuracy  just  before  the  test,  or  by  a mercury  column 
connected  to  the  discharge,  the  latter  being  the  more  rehable. 
The  suction  head  may  be  measured  by  a vacuum  gage;  or, 
if  there  is  a suction  well  beneath  the  pump,  by  measuring  the 
depth  of  water  in  this  below  the  pressure-head  zero. 

The  product  of  total  water  pumped,  times  its  weight  per 
' unit,  times  the  sum  of  suction  and  pressure  heads,  gives  the 
foot-pounds  of  work  done;  and  this  divided  by  toVo  of  the 

£ weight  of  dry  steam,  or  by  — ooo.ooo  ^he  B.t.u.,  used  by  the 

£ engine  during  this  time,  gives  the  duty.  The  highest  grade  steam 

r engines  seldom  deliver  as  work  more  than  20  per  cent  of  the 

I energy  received  as  heat  units,  and  many  small  ones  do  not  show 

I 

I 

k 
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more  than  5 per  cent  efficiency.  Engines  of  more  than  1,000,000 
gallons  per  twenty-four  hours  capacity  have  developed  duties 
of  from  50  million  to  185  million  foot-pounds  per  1000  pounds 
of  steam,  the  last  only  by  large  triple  crank-and-flywheel  engines; 
while  small,  cheap  engines  may  fall  as  low  as  10  million. 

BOILER  EFFICIENCY 

The  efficiency  of  the  boiler  that  generates  the  steam  is  of 
nearly  as  great  importance  as  that  of  the  pumping  engine;  and 
a high  efficiency  of  the  entire  plant — boiler,  steam-pipes,  engine 
and  pump — acting  together  is  the  end  sought.  In  many  cases 
this,  total  efficiency  is  guaranteed  by  one  firm,  which  furnishes 
the  entire  plant  in  running  order;  and  this  efficiency  is  then 
determined,  expressed  as  foot-pounds  of  work  per  100  pounds  of 
coal  or.  of  combustible  matter  in  the  coal,  or  per  1,000,000  heat 
units  in  the  coal.  The  efficiency  of  the  boiler  alone  is  expressed 
in  the  number  of  pounds  of  steam  formed,  ‘‘  from  and  at  212°,” 
for  each  pound  of  coal  or  combustible  matter.  To  determine  the 
combustible  matter,  the  weight  of  ashes  is  deducted  from  the 
weight  of  coal  burned.  The  ashes  may  be  between  2.5  per 
cent  and  25  per  cent  or  more,  some  grates  giving  5 per  cent  or 
more  of  unburned  combustible  matter  in  the  ashes.  Different 
coals  vary  30  per  cent  or  more  in  their  available  heat  units, 
or  from  15,000  B.t.u.  and  over  to  11,000  and  less  per  pound; 
and  therefore  the  heat  unit  basis  is  much  more  definite  than 
the  pounds  of  coal. 

The  number  of  pounds  of  water  that  can  be  evaporated  by 
a given  number  of  heat  units  depends  upon  the  original  tempera- 
ture of  the  water,  and  that  of  the  steam  at  evaporation,  which 
latter  varies  with  the  boiler  pressure.  Table  No.  39  shows  the 
boiling  or  evaporating  point  for  various  steam  pressures  in  the 
boiler,  these  being  the  absolute  pressures,  which  are  14.7  pounds 
more  than  those  indicated  by  the  steam  gage. 

The  higher  the  evaporating  point,  the  greater  the  amount 
of  heat  in  saturated  steam.  Taking  the  heat  required  to  evapo- 
rate water  from  and  at  212°  (that  is,  at  14.7  pounds  pressure) 
as  1. 00,  that  at  428  pounds  is  seen  by  the  table  to  be  1.07.  It 
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takes  a certain  amount  of  heat  to  raise  the  temperature  of 
water  each  degree,  and  the  table  shows  that  it  takes  approxi- 
mately I per  cent  as  much  to  raise  the  temperature  of  water 
9°  as  to  change  it  to  steam  at  212°.  Hence  the  number  of  pounds 
of  water  which  can  be  evaporated  by  a given  amount  of  heat 
depends  upon  the  original  temperature  of  the  feed  water  and 
the  boiler  pressure.  In  order  to  compare  different  tests,  the 
actual  duty  performed  by  coal  in  a given  test  is  reduced  to  that 
it  would  have  performed  had  the  feed  water  been  at  a tempera- 
ture of  212°  F.  when  reaching  the  boiler,  and  the  steam  gage 
registered  zero.  If  the  temperature  of  the  water  be  lower  than 
212°,  or  the  absolute  pressure  more  than  14.7,  more  heat  units 
will  be  required.  As  an  illustration  of  the  use  of  Table  No. 
39:  if  I pound  of  coal  evaporate  8 pounds  of  water  whose 
original  temperature  was  50°,  the  steam  pressure  being  182.4 
pounds  per  square  inch,  the  work  done  was  equivalent  to  evap- 
orating 1.22  times  8 pounds  or  9.76  pounds,  from  and  at  212°. 

Table  No.  39 


HEAT  CONTENT  OF  SATURATED  STEAM  AT  DIFFERENT  PRESSURES 


Absolute  Pres- 
sure per 

Sq.  In. 

Boiling-point. 

Initi.-vt.  Temperature 

OF  Feed  Water. 

32° 

50° 

68° 

86° 

104° 

122° 

140° 

158° 

176° 

194° 

212° 

14-7 

212° 

1. 19 

1. 17 

I-IS 

I -13 

I . II 

I . 10 

1.08 

1.06 

1.04 

1.02 

1 . 00 

20.8 

230 

1 . 20 

1. 18 

1 . 16 

I.  14 

1 .12 

I . 10 

1.08 

1.06 

1.04 

1 . 02 

1 .01 

28.83 

248 

1 . 20 

1 . 18 

1 . 16 

I.  14 

I -13 

I . II 

1.09 

1.07 

1.05 

1.03 

1 .01 

39-25 

266 

1 . 21 

1. 19 

1. 17 

I-I5 

I -13 

I . II 

1.09 

1.07 

1.06 

1.04 

1 .02 

52.52 

284 

1 . 21 

1 . 20 

1. 18 

I.  16 

I.  14 

1 . 12 

1 . 10 

1.08 

1.06 

1.04 

1.02 

69. 21 

302 

1 . 22 

1 . 20 

1 . 18 

1 . 16 

I.  14 

1 . 12 

I . II 

1.09 

1.07 

1.05 

1.03 

89.86 

320 

1 . 22 

1 . 21 

1. 19 

I. 17 

I-I5 

I -13 

I.  II 

1.09 

1.07 

1-05 

1.03 

115.1 

338 

1.23 

I.  21 

1. 19 

I. 17 

I-I5 

I.  14 

I . 12 

1. 10 

1.08 

1.06 

1.04 

145-8 

356 

1.23 

1 . 22 

1 . 20 

I. 18 

I . 16 

I.  14 

1 . 12 

1 . 10 

1.08 

1.06 

1.04 

182.4 

374 

1.24 

1 . 22 

1 . 20 

I. 18 

I. 17 

1-15 

I -13 

I . II 

1.09 

1.07 

1-05 

225.9 

392 

1.24 

1.23 

I . 21 

I.  19 

I. 17 

I-I5 

I-I3 

I.  II 

1.09 

1.07 

1.06 

276.9 

410 

1.25 

1.23 

I . 22 

1 . 20 

I. 18 

I . 16 

1. 14 

1 . 12 

1 . 10 

1.08 

1.06 

336.3 

428 

1 . 26 

1.24 

I . 22 

I . 20 

1 . 18 

I . 16 

1. 14 

1 . 12 

I . II 

1.09 

1.07 

The  efficiency  of  a boiler  is  the  quotient  obtained  by  dividing 
the  heat  units  in  the  steam  that  leaves  the  boiler  within  a given 
time  by  the  heat  units  furnished  by  the  coal  or  other  fuel.  Few 
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boilers  show  an  efficiency  exceeding  86  per  cent,  and  in  service 
many  fall  as  low  as  6o  per  cent. 

From  Grate  to  Pump  Discharge.  To  understand  and  study 
the  energy  furnished,  utilized,  and  lost  in  a steam  plant,  it  should 
be  borne  in  mind  that  steam  is  but  an  agent  for  utilizing  heat, 
and  that  all  the  heat  furnished  by  the  fire  can  and  should  be 
accounted  for  in  a test.  The  following  details  of  a test  of  a 
compound  engine  are  here  given,  accompanied  by  a graphic 
representation  of  the  same  facts,  prepared  from  the  data  by 


Capt.  H.  .R.  Sankey  and  presented  by  him  in  a report  to  the 
Institution  of  Civil  Engineers.  It  is  thought  that  a careful  study 
of  these,  and  particularly  of  the  diagram,  will  be  of  great  value 
in  getting  clearly  in  mind  the  losses  in,  and  efficiency  of,  the  vari- 
ous parts  of  a steam  pumping-plant. 

“Starting  at  the  fire  grate,  it  is  shown  that  183,600  B.t.u.  are  produced  per 
minute  by  the  combustion  of  the  coal,  and  that  131,700  of  these  go  direct  into 
the  water  of  the  boiler,  10,000  are  lost  by  boiler  radiation  and  leakage,  and  the 
remainder,  viz.,  41,900,  pass  away  with  the  flue  gases.  On  the  way  to  the  econ- 
omizer 1000  B.t.u.  are  lost  by  radiation,  but  in  the  economizer  itself  15,750  B.t.u. 
are  diverted  into  the  feed  water,  5000  B.t.u.  are  dissipated  by  radiation,  and 
finally  20,150  B.t.u.  pass  out  of  the  economizer  and  into  the  chimney,  and  are 
lost  to  the  steam  plant.  The  heat  entering  the  economizer  with  the  feed  water 
is  5450  B.t.u.,  which  is  added  to  the  15,750  B.t.u.  diverted  from  the  flue  gases, 
thus  giving  a flow  of  21,200  B.t.u.  in  the  feed  out  of  the  economizer.  Radiation, 
however,  reduces  this  flow  to  20,950  B.t.u.  per  minute  at  the  entry  to  the  boiler, 
where  a further  addition  is  made  of  6600  B.t.u.  returned  by  the  jacket  water. 

“The  steam  produced  by  the  boiler  is  thus  seen  to  derive  its  heat  from  three 
streams,  as  shown  in  the  diagram;  the  steam  finally  leaves  the  boiler  with  159,250 
B.t.u.  per  minute.  Before  this  heat  gets  to  the  engine,  however,  3100  B.t.u. 
are  lost  by  radiation  and  leakage  from  the  steam  pipes,  so  that  the  flow  of  heat 
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is  reduced  to  156,150  B.t.u.  per  minute,  which  is  the  gross  supply  of  heat  to  the 
engine;  the  net  supply  is  less,  because  there  are  certain  returns  of  heat  to  the 
boiler  to  be  deducted.  In  the  first  place,  credit  has  to  be  given  to  the  engine 
for  the  heat  which  could  be  imparted  by  means  of  the  exhaust  steam  to  the 
feed  water,  inasmuch  as  the  exhaust  is  theoretically,  and  very  nearly  practically, 
capable  of  raising  the  temperature  of  the  feed  to  the  exhaust  temperature.  On 
this  basis,  7400  B.t.u.  should  be  credited  to  the  engine.  Although  the  actual 
return  to  the  boiler,  or  rather  to  the  economizer,  is  only  5450  B.t.u.” 

Of  the  6750  “return  from  jackets,”  the  150  lost  by  radiation  should  be  charged 
against  the  engine,  since  the  jackets  are  supplied  to  correct  a fault  in  the  engine, 
viz.,  cylinder  condensation.  This  leaves  142,150  B.t.u.  as  the  net  supply  to  the 
engine.  Of  this,  117,640  departs  in  the  exhaust  without  yielding  any  of  its  energy, 
and  the  remainder,  or  27,260  B.t.u.,  goes  into  work  in  the  engine.  Of  this,  1870 
is  consumed  in  the  internal  friction,  leaving  the  actual  work  done  in  pumping  due 
to  25,390  B.t.u.  The  thermal  efficiency  of  any  part  of  the  plant  can  now  be 
readily  determined,  and  is  the  ratio  of  the  number  of  B.t.u.  applied  to  those  delivered 

as  heat  or  work.  Thus  that  of  the  engine  is  ~ = .i8  — , the  per  cent  of  applied 

142,150 

energy  utilized.  The  thermal  efficiency  of  the  boiler,  economizer,  and  grate  is 

= .8i^;  and  of  the  entire  plant  =.14  — . Theme- 

183,600+5450-1-6600  183,600 

chanical  efficiency  of  the  pump  is  or  .93  + . 

27,260 

The  following  are  some  of  the  data  obtained  in  the  test  of  this  engine,  the 
table  also  serving  to  illustrate  the  kinds  of  information  obtained  in  a duty  test. 

STEAM  USED  BY  ENGINE  AND  FEED  PUMP;  ENTIRE  TEST  OF  I44  HRS.  lO  MIN. 


(1)  Weighed  feed  water 968,128  lbs. 

(2)  Feed-pump  steam,  condensed 23,390  lbs. 

(3)  Total  water  pumped  into  boilers 991,518  lbs. 

(4)  Total  water  returned  to  boilers  from  jackets  and  re- 

heaters  189,795  lbs. 

(5)  Sum  of  (3)  and  (4) 1,181,313  lbs. 

(6)  Total  steam  used  by  calorimeter 727  lbs. 

(7)  Total  water  drained  from  separator 23,428  lbs. 

(8)  Total  moist  steam  used  by  engine  and  feed  pump 1,157,158  lbs. 

(9)  Percentage  of  moisture  in  steam  after  leaving  separator  0.55% 

(10)  Total  dry  steam  used  in  engine  and  feed  pump 

( = 99-45%  of  (8)) 1,150,792  lbs. 

STEAM  USED  BY  ENGINE 

(11)  Total  moist  steam  used  by  engine  only 1,133,768  lbs. 

(12)  Total  dry  steam  used  by  engine  only 1,-127,533  lbs. 

(13)  Total  moist  steam  passing  through  cylinders 943)973  lbs. 

(14)  Total  moist  steam  passing  through  jackets  and  re- 

heaters  189,795  lbs. 

(15)  Percentage  of  moist  steam  used  by  jackets  and  re- 

heaters  16.74 

(16)  Moist  steam  used  per  hour  per  i.h.p.  (indicated  horse- 

power) * 12.223  lbs. 

(17)  Dry  steam  used  per  hour  per  i.h.p.* 12.156  lbs. 

(18)  Dry  steam  passing  through  cylinders  per  hour  per  i.h.p.  10.120  lbs. 

(19)  Dry  steam  used  per  hour  per  pump  h.p.* 13.050  lbs. 
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B.T.U.  SUPPLIED  BY  BOILERS 

(20)  Heat  of  vaporization,  steam  154.6  lbs.,  absolute  f 8S9-4  B.t.u. 

(21)  Heat  of  liquid,  steam  154.6  Ibs.f 332.5  B.t.u. 

(22)  Heat  of  liquid  feed,  143.30 111.5  B.t.u. 

(23)  Per  pound  of  moist  steam  supplied  by  boilers  (859.4  X 

•9945+332.5-111-5  = ) 1,075-7  B.t.u. 

(24)  Total  supplied  by  boilers, 

((5))  1,181,313X1075.7  = : 1,270,738,600  B.t.u. 

(25)  Total  supplied  by  boilers  per  minute 146,903  B.t.u. 

B.T.U.  USED  BY  THE  ENGINE 

(26)  Per  pound  of  moist  steam  used  by  the  cylinders ii34-5  B.t.u. 

(27)  Per  pound  of  moist  steam  used  in  jackets  and  reheaters  880.8  B.t.u. 

(28)  Used  by  engine  during  trial 1,238,108,959  B.t.u. 

(29)  Used  by  engine  per  minute 143,134  B.t.u. 

(30)  Used  by  engine  per  minute  per  i.h.p 222.46  B.t.u. 

(31)  Average  mean  effective  pressure  in  high-pressure 

cylinder 43.53  lbs. 

(32)  Average  mean  effective  pressure  in  low-pressure  cyl- 

inder  14.155  lbs. 

(33)  H.p.  developed  in  H.P.  cylinder 279.00 

(34)  H.p.  developed  in  L.P.  cylinder 364,40 

(35)  H.p.  lost  in  friction 44-3o 

(36)  Efficiency  of  mechanism 93.12% 


* I.h.p.,  the  energy  utilized  as  work  on  the  pistons,  represented  in  the  diagram  by 
27,260  B.t.u.  Pump  h.p.,  the  energy  delivered  by  the  pump  in  work,  represented  as  25,390 
B.t.u.  per  minute. 

t Note  that  the  sum  of  (20)  and  (21),  or  total  heat  units,  gives  the  same  result  as  the 
formula  for  H;  the  temperature  of  the  steam  being  365°. 


(37) 

(38) 

(39) 

(40) 

(41) 

(42) 

(43) 

(44) 

(45) 

(46) 

(47) 

(48) 


(49) 

(50) 

(51) 

(52) 


FUEL 


Coal. 

Pittsburgh.  Pocahontas. 


Moist  coal  consumed,  lbs 

Wood  consumed  at  50  per  cent  weight,  lbs 

Moisture  in  coal,  per  cent 

Dry  coal  consumed  with  wood  equivalent,  lbs 

Total  ash,  dry,  lbs 

Total  combustible,  lbs 

Calorific  value  of  one  pound  of  coal  by  analysis,  B.t.u.. 
Water  actually  evaporated  per  pound  of  dry  coal,  lbs. . 
Equivalent  water  evaporated  per  pound  of  dry  coal,  from 

and  at  212°,  lbs 

Equivalent  total  heat  derived  from  a pound  of  dry 

coal,  B.t.u 

Water  actually  evaporated  per  pound  of  combustible, 

lbs 

Equivalent  water  evaporated  per  pound  of  combustible, 
from  and  at  212°,  lbs. . . . 

Efficiency  of  boilers,  per  cent 

Dry  coal  burned  per  sq.  ft.  of  grate  per  hour,  lbs. 

Coal  used  per  i.h.p.  per  hour,  lbs 

Coal  used  per  pump  h.p.,  per  hour,  lbs 


67,917 

63,591 

772 

25 

0.7 

2.6 

67,995 

61,692 

2,025 

2,849 

65,970 

58,843 

13,226 

14,924 

8.60 

9-57 

963 

10.70 

9,250 

10,294 

8.86 

10.03 

9.92 

11.22 

70.0 

69.0 

12.70 

11.50 

1.47 

1-33 

1-58 
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POWER  PUMPS 


The  efficiency  of  power  pumps  is  not  generally  expressed  as 
duty,  except  in  the  case  of  direct  or  gear-connected  internal- 
combustion  engines,  when  it  may  be 
calculated  as  the  duty  of  both  engine 
and  pump  per  1,000,000  heat  units  in 
the  gas,  gasoline,  or  oil  used.  In  that 
case  the  work  is  ascertained  as  for  steam- 
pumping engine  duty  and  compared 
with  the  heat  units  in  the  gas  or  oil 
used  as  determined  by  analysis.  Or  the 
efficiency  of  the  pump  alone  may  be 
expressed  as  the  percentage  of  applied 
work  that  is  utilized  in  pumping  water, 
the  latter  being  determined  as  before 
and  the  applied  energy  being  measured 
by  a transmission  dynamometer.  If  the 
pump  is  driven  by  an  electric  motor,  the 
efficiency  of  the  combination  may  be 
stated  as  footpounds  of  work  done  per 
kilowatt-hour. 

In  the  case  of  centrifugal  pumps  the 
efficiency  of  the  pump  alone  may  be 
expressed  in  any  of  the  above  ways;  or, 
if  driven  by  a steam  turbine,  as  duty  in 
terms  of  steam  or  heat  units  used  by  the 
turbine.  A steam-turbine-centrifugal- 
pump  unit  may  develop  70  to  1 50  million 
foot-pounds  per  1000  pounds  of  steam. 

The  amount  of  steam  used  is  that  entering  the  nozzles  of  the 
pump,  plus  that  used  in  air  (vacuum)  and  condenser  pumps  if 
these  are  not  driven  from  the  main  pump  shaft,  which  they 
generally  are. 

Art.  62.  The  Air  Lift 

What  is  known  as  the  air  lift  was  first  patented  in  1884,  but 
little  use  was  made  of  it  before  1892,  following  the  issuing  of  a 


— Pohle  System  of 
Operation. 
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patent  therefor  to  J.  G.  Pohle.  The  process  consists  in  raising 
water  by  mixing  air  with  it  in  a vertical  tube,  the  effect  being 
to  produce  a mixture  hghter  than  water,  which  consequently 
is  raised  in  the  tube  by  the  hydrostatic  pressure  of  water  at  the 
lower  end  of  the  tube. 

According  to  the  principles  of  hydrostatics,  the  vertical  pres- 
sure per  square  inch  of  the  liquid  in  the  tube  exerted  at  the  base 
thereof,  will  equal  the  pressure  exerted  from  without  at  the  same 
point  if  there  is  no  motion;  and  if  the  pressure  from  without 


Fig.  64. — Air  Lift  Pumping  Plant. 

(From  Bulletin  No.  450,  University  of  Wisconsin.) 


exceeds  that  due  to  the  weight  of  the  liquid  in  the  tube,  the  latter 
will  move  upward.  For  instance,  if  the  bottom  of  a tube  well 
is  lowered  to  a depth  x feet  below  the  surface  of  the  ground 
water,  and  if  the  mixture  of  air  and  water  in  the  tube  has  a 
specific  gravity  of  0.5,  the  mixture  in  the  well  will  rise  2x  feet 
above  the  bottom;  and  if  the  top  of  the  well  be  cut  off  at  any 
point  less  than  2X  feet  above  the  bottom,  water  will  overflow 
-at  the  top,  and  this  overflow  will  continue  so  long  as  the  air 
and  water  mixture  is  maintained  at  a specific  gravity  of  .5. 
The  specific  gravity,  of  course,  depends  upon  the  relative  amount 
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of^  air  added  to  the  water  in  the  tube.  It  is  found  by  experi- 
ence that  it  is  not  economically  practicable,  in  lifting  water, 
to  reduce  the  specific  gravity  much  below  .5  by  the  introduction 
of  air,  effort  to  do  so  resulting  in  a waste  of  air. 

Since  the  air  must  be  blown  into  the  water  near  the  bottom 
of  the  well,  pressure  must  be  exerted  to  force  the  entrance  of 
air  against  the  hydrostatic  head  of  the  water.  This  is  effected 
by  use  of  an  air  compressor,  the  air  being  carried  down  to  a 
point  near  the  bottom  of  the  well  by  means  of  an  air  pipe.  The 
apparatus  employed  in  the  air-lift  pump,  therefore,  consists  of 
a tube  well,  an  air  compressor,  an  air  pipe  for  introducing  the 
air,  and  some  form  of  construction  at  the  point  where  the  air 
enters  the  well.  The  well  or  pipe  through  which  the  water  is 
discharged  is  known  as  the  eduction 'pipe,  lift  tube,  etc.  The 
pipe  introducing  the  air  is  known  as  the  air  pipe;  the  special 
construction  at  the  juncture  of  the  two  is  called  the  foot  piece. 
In  most  constructions  the  well  casing  is  extended  below  the  foot 
piece  for  a short  distance  to  prevent  the  escape  of  the  com- 
pressed air  from  the  bottom  of  the  pipe,  such  extension  being 
known  as  the  tail  piece.  The  machinery  for  furnishing  the 
air  consists  of  an  air  compressor  of  any  type  and  an  air  receiver 
for  storing  and  equalizing  the  air  pressure.  The  receiver  also 
acts  as  a separator  to  catch  the  water  and  oil  which  may  be  car- 
ried by  the  air  from  the  compressor.  The  air  from  the  compressor 
passes  down  through  a pipe  which  enters  at  the  top  of  the  receiver 
and  discharges  beneath  the  surface  of  water  which  stands 
in  the  bottom  of  the  receiver.  The  outlet  pipe  is  located  some 
distance  up  from  the  bottom  of  the  receiver.  The  air  pipe  from 
the  receiver  to  the  wells  should  be  made  as  direct  as  possible, 
without  any  unnecessary  valves,  elbows  or  joints,  as  these 
reduce  the  efficiency.  The  pipe  also  should  be  made  air  tight. 
Both  a regulating  and  a stop  valve  should  be  placed  on  the  air 
branch  connecting  the  air  main  with  each  well,  so  that  the  flow 
of  air  to  each  individual  well  can  be  adjusted;  and  once  having 
been  adjusted,  the  supply  can  be  shut  off  or  turned  on  without 
altering  the  adjustment. 

The  construction  of  the  eduction  pipe  and  air  tube  differs 
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in  different  systems.  In  some  cases  two  separate  pipes  serv- 
ing these  purposes  are  lowered  into  the  well-casing;  in  another 
construction,  an  eduction  pipe  is  lowered  inside  the  casing  and 
the  air  introduced  through  the  annular  space  between  eduction 
pipe  and  well-casing;  and  in  still  another  construction  the  casing 
serves  as  the  eduction  pipe  and  the  air  is  introduced  through  a 
small  air  tube  which  is  placed  in  the  center  of  the  well-casing. 
These  several  forms  are  shown  in  Fig.  65. 


Fig.  65. — Different  Methods  of  Piping  Wells. 


A number  of  different  and  more  or  less  intricate  constructions 
have  been  devised  for  the  foot  piece,  but  it  is  believed  by  some 
investigators  of  the  subject  that  these  have  httle  beneficial  effect 
and  may  have  a detrimental  effect  if  they  contract  the  water  way 
and  thus  increase  the  friction  of  the  water  entering  the  eduction 
pipe;  and  that  the  most  satisfactory  as  well  as  simplest  plan  is 
to  simply  admit  the  water  through  a plain  opening  either  in  the 
side  of  the  eduction  pipe  or,  in  the  case  of  the  center  air-tube 
construction,  at  or  near  the  bottom  of  the  air  tube.  Mathe- 
matical calculation  of  the  theoretical  discharge  that  can  be 
obtained  with  a given  size  of  well-casing  and  using  the  three 
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classes  of  construction  mentioned  gives  the  following  relative 
quantities:  side  inlet,  i.oo;  annular  air  tube,  i.8i;  central  air- 
tube  construction,  2.84.  These  calculations  were  made  on  the 
assumption  of  a 6-inch  well,  a i-inch  air  tube  in  the  case  of  the 
side  inlet,  a i|-inch  air  tube  in  the  case  of  the  central  air  tube, 
and  a 4|-inch  eduction  pipe  in  the  case  of  the  annular  tube 
system. 

The  exact  action  of  the  air  in  the  eduction  pipe  is  difficult 
to  determine,  but  it  is  believed  that  it  rises  in  the  form  of  large 
bubbles,  each  nearly  filfing  the  pipe,  rather  than  in  a great 
number  of  small  bubbles.  No  perfectly  satisfactory  theory 
has  been  evolved  by  which  to  calculate  the  operation  or  efficiency 
of  the  air  lift,  but  its  development  has  been  based  almost  exclu- 
sively upon  the  results  of  experiments  and  experience  with  oper- 
ating installations.  From  these  it  appears  that  the  submerg- 
ence (that  is,  the  depth  from  the  surface  of  the  ground  water  to 
the  point  where  the  air  is  admitted)  should  be  between  60  and 
65  per  cent  of  the  total  length  of  the  air  lift,  measured  from  the 
air  inlet  to  the  point  of  discharge.  This  means  that  the  depth 
of  the  well  and  its  casing  should  be  about  three  times  the  lift 
from  the  ground  water  level  to  the  point  of  discharge.  (The 
elevation  of  ground  water  in  making  these  measurements  is  that 
at  which  such  water  stands  in  the  well  under  working  conditions 
rather  than  under  static' conditions,  which  is  several  feet  lower 
than  the  normal  ground- water  elevation.)  It  follows  from  this 
that  each  foot  by  which  the  point  of  discharge  of  the  well  is 
lowered  reduces  the  required  depth  of  the  well  by  about  3 feet. 
It  also  emphasizes  the  desirability  of  repumping  the  discharge 
where  the  water  is  to  be  raised  to  a tank  or  reservoir,  rather 
than  attempting  to  use  the  air  lift  for  the  complete  elevation 
of  the  water  to  such  structures. 

Various  tests  made  seem  to  indicate  that  the  following 
laws  are  generally  applicable.  For  a given  size  of  eduction 
pipe  and  a constant  ratio  of  submergence  to  fift,  the  rate  of  de- 
livery of  water  and  the  air  consumption  per  gallon  are  practically 
constant;  although,  of  course,  the  power  required  to  introduce 
the  air  varies  with  the  depth  of  submergence.  If  both  sub- 
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mergence  and  lift  remain  constant,  there  is  a definite  quantity 
of  air  which  causes  the  maximum  discharge,  the  amount  of  dis- 
charge diminishing  if  the  amount  of  air  is  either  increased  or 
decreased.  The  efficiency  of  the  energy  applied  in  the  form  of 
compressed  air,  however,  increases  as  the  rate  of  pumping  de- 
creases, with  a given  size  of  eduction  pipe.  For  a constant  lift,  the 
efficiency  increases  as  the  submergence  increases.  For  a given 
length  of  well  with  varying  percentages  of  submergence,  the 
maximum  efficiency  is  obtained  when  the  submergence  is  approx- 
imately 63  per  cent  (according  to  the  experiments  of  the  Univer- 
sity of  Wisconsin).  With  a given  lift  and  submergence,  the  air 
consumption  per  gallon  decreases  as  the  size  of  the  discharge 
pipe  increases.  The  least  air  pressure  that  will  give  continuous 
flow  is  the  proper  one  to  use.  If  the  pressure  is  lowered  slightly, 
the  delivery  becomes  intermittent  and  the  amount  delivered  is 
considerably  decreased.  With  pressure  higher  than  that  which 
is  just  sufficient  to  give  continuous  flow,  the  delivery  is  increased 
somewhat,  but  the  air  consumption  per  gallon  is  increased  in  a 
still  higher  ratio;  and  if  the  air  pressure  continue  to  be  increased, 
a point  of  maximum  delivery  is  finally  reached  beyond  which  the 
amount  of  delivery  actually  decreases  with  an  increase  in  air 
pressure.  'After  an  operator  has  become  familiar  with  a sys- 
tem, he  can  use  the  sound  of  the  discharge  as  a reliable  guide 
for  a proper  regulation  of  the  air  supply. 

One  conclusion  from  the  above  is  that,  with  a given  depth  of 
ground  water,  increasing  the  depth  of  well  reduces  the  air 
consumption,  but  at  the  same  time  increase  the  air  pressure 
so  that  a cubic  foot  of  air  dehvered  represents  more  power 
exerted  by  the  air  compressor.  However,  the  total  power 
required  per  gallon  of  water  delivered  at  first  decreases  as  the 
depth  increases,  but  finally  reaches  a maximum  beyond  which  the 
increase  in  pressure  more  than  offsets  the  decrease  in  quantity, 
and  the  total  power  required  per  gallon  of  water  delivered  is 
increased.  For  a given  lift,  the  depth  where  this  maximum  effi- 
ciency of  power  is  obtained  decreases  as  the  size  of  the  discharge 
pipe  increases. 

A duty  test  made  of  a large  plant  in  Atlantic  City,  N.  J., 
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showed  a duty  of  between  20,000,000  and  25,000,000  foot- 
pounds of  work  per  thousand  pounds  of  dry  steam,  the  pump- 
ing plant  consisting  of  a Rand  duplex  flywheel  compressor,  with 
13-  by  12-inch  air  cylinder.  D.  W.  Mead  has  estimated  that 
the  duty  in  million  foot-pounds  per  thousand  pounds  of  dry 
steam  would  probably  vary  from  19  to  30  with  a compound 
Corliss  compressor,  to  from  4^  to  10  with  a small  straight-line 
compressor.  A comparison  between  air-lift  and  steam-operated 
deep- well  pumps  at  Waukesha,  Wis.,  showed  an  efficiency  of 
between  16  and  18  per  cent  for  the  air  lift,  based  on  the  indi- 


cated horse-power  in  the  steam  cylinder  of  the  engine,  and  an 
efficiency  of  74.8  per  cent  for  deep-well  pumps  on  the  same  basis. 

As  the  air  bubbles  rise  through  the  well,  the  pressure  upon 
them  exerted  by  the  water  decreases  and  the  bubble  accord- 
ingly expands.  It  still,  however,  retains  a certain  amount  of 
internal  pressure,  especially  if  the  water  after  leaving  the  well 
is  to  be  forced  through  any  considerable  length  of  horizontal 
pipe.  Recently  a device  known  as  a “ booster  ” has  been  per- 
fected for  utilizing  the  remaining  pressure  in  the  bubbles,  the 


290 


PUMPING  AND  PUMPING  ENGINES' 


air  being  collected  in  the  booster  and  its  remaining  expansive 
force  being  utilized  to  give  additional  pressure  to  the  water  in 
the  delivery  pipe  leading  from  the  well.  In  addition,  the  air 
in  the  booster  is  further  compressesd  by  the  kinetic  energy  of 
the  water  which  leaves  the  well  with  considerable  velocity. 
By  use  of  the  booster,  air-lift  equipments  have  been  operated  for 
raising  the  discharged  water  through  an  additional  head  to  ele- 
vated tanks  or  other  receptacles.  The  air  from  the  booster  is 
sometimes  returned  to  the  air  compressor  because  it  is  colder 
than  outside  air,  and  by  every  5°  lowering  of  the  air  temper- 
ature a volumetric  gain  of  i per  cent  is  secured. 

The  advantages  and  disadvantages  of  the  air  lift  have  been 
summarized  as  follows  by  George  J.  Davis,  Jr.,  and  C.  R. 
Weidner,  of  the  faculty  of  the  University  of  Wisconsin  (Bulletin 
No.  450  of  the  University  of  Wisconsin) : 

Advantages:  The  principal  advantage  of  the  air  lift  is  its 
large  capacity.  When  conditions  are  suitable  for  its  installa- 
tion, an  air-lift  pump  will  discharge  more  liquid  from  a well  of 
small  bore  than  will  any  other  type;  this  being  chiefly  because 
almost  the  entire  cross-sectional  area  of  the  well  is  available 
for  the  flow  of  the  water  and  the  action  is  nearly  continuous. 
The  quantity  that  can  be  discharged  by  an  air  Hft  is  limited 
only  by  the  capacity  of  the  well  and  the  expense  of  pumping; 
while  with  deep-well  pumps,  the  majority  of  which  are  single 
acting,  the  discharge  is  limited  by  the  allowable  piston  speed, 
which  usually  does  not  exceed  100  feet  per  minute.  (This  limita- 
tion does  not  apply  to  centrifugal  deep- well  pumps,  but  these  are 
affected  by  other  limitations  occasioned  by  their  method  of 
operation.)  The  air  lift  affords  a desirable  means  of  testing  the 
capacity  of  a well,  even  if  it  is  not  proposed  to  install  it  per- 
manently. 

The  maintenance  cost  of  an  air-lift  plant  is  very  low,  owing 
to  its  simplicity.  The  operation  is  exceedingly  simple  and  the 
life  of  the  equipment  is  almost  indefinite.  Should  the  air  pipes 
and  foot  piece  become  clogged  with  oil  carried  over  from  the 
compressor  cylinders,  they  must  be  removed  and  cleaned;  but 
this  rarely  occurs,  and  when  it  does,  the  cost  is  small  compared 
with  that  of  replacing  or  repairing  a mechanical  pump. 
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Where  conditions  are  such  that  the  wells  are  scattered  over 
a considerable  area  or  are  remote  from  the  power-house,  the 
air  hft  has  a decided  advantage  over  the  steam-driven  pump 
in  that,  if  the  latter  is  used,  each  well  must  be  equipped  with 
a separate  engine  and  working  barrel,  which  entails  heavy  con- 
densation losses  through  long  steam  supply  pipes,  as  well  as 
considerable  cost  of  equipment.  Also  the  expense  of  attendance 
of  a plant  of  this  sort,  with  its  scattered  pumping  units,  is  great. 
In  the  air-lift  pump  the  transmission  loss  is  much  smaller,  and 
as  no  attendance  at  the  wells  is  required,  they  may  be  put  into 
operation  or  controlled  by  a valve  in  the  power-house. 

Where  water  is  to  be  used  for  a domestic  supply  and  there 
are  impurities  in  it  such  as  iron,  it  has  been  noticed  that  the 
iron  is  oxidized  by  the  aeration  of  the  water  and  the  supply  is 
thereby  improved. 

. As  to  rehability,  air-liff  pumps  are  not  liable  to  sudden 
stoppages  or  breakdowns. 

Disadvantages.  In  common  with  every  other  device,  the  air- 
lift pump  has  certain  disadvantages,  the  principal  ones  being  its 
low  efficiency,  the  great  depth  of  well  required,  and  its  poor 
adaptability  to  conditions  requiring  a discharge  to  be  conveyed 
over  great  horizontal  distances.  The  most  serious  of  these  is 
the  low  hydraulic  efficiency.  This  is  usually  given  as  25  to 
33  per  cent.  Notwithstanding  the  low  efficiency  of  the  pump 
itself,  however,  the  entire  air-lift  plant  in  some  cases  develops 
a duty  which  compares  favorably  with  other  systems  of  pumping. 

A single  air-lift  pump  cannot  be  used  in  a shallow  well  or 
reservoir  except  to  raise  the  liquid  a very  small  distance,  owing 
to  the  high  percentage  of  the  total  length  of  the  pump  that 
must  be  submerged.  This  limits  the  field  of  air-lift  pumping 
principally  to  deep  wells. 

While  some  plants  have  been  installed  where  the  air-lift 
principle  was  used  to  pump  water  through  horizontal  pipes,  the 
air  m passing 'through  such  pipe  is  likely  to  collect  along  the  top 
of  the  pipe,  allowing  a large  space  in  the  lower  portion  of  the 
pipe  for  the  water  to  shp  past  the  air  down  the  pipe,  and  thus 
greatly  reduce  the  efficiency  of  operation.  Also  in  a hori- 
zontal pipe  it  is  not  practicable  to  utilize  the  expansion  of  the 
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air  bubble  as  it  approaches  the  surface  where  the  pressure  upon 
it  decreases.  If  it  is  desired  to  convoy. the  water  to  a point 
distant  horizontally  from  the  well,  the  eduction  pipe  may  be 
carried  vertically  to  a height  sufficient  to  allow  the  water  to 
flow  to  such  distant  point  by  gravity. 

While  aeration  of  the  water  is  frequently  an  advantage, 
under  some  circumstances  it  is  a disadvantage,  and  in  such  cases 
the  air  lift  is  not  advisable.  For  instance,  it  probably  pro- 
motes the  rusting  of  the  eduction  pipe  and  in  some  cases  causes 
a deposit  of  salts  which  clog  the  water  passages,  especially  in 
the  foot  piece.  . It  is  also  believed  by  some  that  the  air  causes 
an  excess  growth  of  algae. 

Art.  63.  Selection  of  Pump.  Station  Details 

The  type  of  pumping  plant  selected  for  a given  service  should 
be  that  which  will  be  most  suitable  from  the  point  of  view,  first, 
of  its  ability  to  pump  water  under  the  conditions  existing  and 
anticipated,  and  without  any  “ engine  troubles  and,  second, 
of  economy  of  combined  first  cost  and  operation.  The  pro- 
cedure is  generally  to  determine  what  types  and  variations  thereof 
will  perform  the  service  effectively,  and  then  compare  these  on 
the  basis  of  cost. 

. The  principal  factors  to  be  considered  are  (i)  the  amount 
of  water  to  be  handled  per  day,  the  head  against  which  it  is  to 
be  pumped,  and  whether  or  not  these  are  constant;  (2)  what 
quantity  and  head  must  be  provided  for  in  the  future;  (3)  the 
cost  of  fuel  of  various  kinds — coal,  gas,  oil,  etc.,  and  of  elec- 
tricity, and  the  probabilities  as  to  changes  of  price  within  a few 
years;  (4)  the  space  available  and  location  of  pump^ — whether  in 
a well-casing,  in  a pump  well  below  the  ground  surface,  on  land 
subject  to  occasional  flooding,  in  the  heart  of  a city,  whether  or 
not  accessible  for  delivery  of  coal  or  obtaining  electric  current, 
etc.;  (5)  whether  solid  foundations  can  be  provided  at  low 
cost;  (6)  importance  of  absolute  reliability  of  service;  (7) 
whether  the  new  unit  is  the  first  to  be  installed  or  is  to  be  added 
to  a plant  already  in  service,  and  whether  it  will  be  used  for 
every-day  service,  or  as  a stand-by  for  fire  or  other  emergency  use. 

Effectiveness  for  Service.  For  a pump  handling  more  than 
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about  two  million  gallons  per  day  in  continuous  service,  a 
steam  plant  is  generally  considered  the  most  reliable.  If  the 
amount  is  less  than  one  million  gallons,  steam  is  still  more 
reliable  than  internal-combustion  engines  with  equally  intelli- 
gent supervision,  but  as  less  expensive  engineers  are  generally 
employed,  this  superiority  over  internal-combustion  and  electric 
motors  diminishes.  The  former  are  somewhat  liable  to  un- 
expected stoppage  for  various  reasons  with  which  automobile 
owners  are  familiar;  while  electric  power  may  fail  occasionally 
because  of  broken  wes  or  power-plant  troubles  over  which 
the  pump  user  has  no  control.  Any  of  these  powers  can  be  used 
for  any  head,  but  as  this  increases  the  advantage  of  steam 
becomes  greater. 

If  the  head  or  consumption  varies  from  minute  to  minute, 
as  in  direct  pmnping,  steam  is  preferable,  since  both  internal- 
combustion  and  electric  motors  work  most  satisfactorily  at  a 
certain  fixed  rate  of  motion.  On  the  other  hand,  if  the  pump 
is  to  be  put  into  service  on  short  notice,  as  for  fire  pressure, 
full  power  can  be  applied  more  promptly  by  one  of  the  other 
types  of  motors,  since  it  is  generally  impracticable  to  keep  con- 
tinuously at  full  pressure  sufficient  extra  steam  for  this  purpose. 

Of  the  several  varieties  of  steam-pumping  engines  there  is 
little  choice  as  to  reliability,  choice  being  based  largely  upon 
economy;  but  the  high-duty  engines  are  more  complicated  than 
the  low,  and  so  more  expert  care  is  required  to  keep  them  in 
condition.  For  example,  a low-duty  Worthington  pumping 
engine  contains  28  major  moving  parts;  a high-duty  Worthing- 
ton 90  parts;  and  a horizontal  crank-and-fi}"wheel  100  parts. 

For  fire  service,  the  National  Board  of  Fire  Underwriters 
consider  the  following  as  reliable,  precedence  being  in  the  order 
named:  Centrifugal  or  reciprocating  pumps  driven  by  steam; 
the  same  driven  by  electric  motor;  pumps  operated  by  water 
power ; centrifugal  or  reciprocating  pumps  operated  by  internal- 
combustion  engines,  dupHcate  ignition  parts  to  be  always  on 
hand  for  each  engine,  and  adequate  provision  made  for  starting 
engines  cold  at  least  six  times  in  rapid  succession. 

If  the  pump  is  to  lift  water  from  a well-casing,  the  choice 
is  limited  to  a form  of  bucket  pump,  a small  turbine  pump,  and 
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the  air  lift.  Any  of  these  are  fairly  reHable,  but  repairs  require 
a removal  of  the  appliance  from  the  well,  which  requires  consid- 
erable time,  and  the  air  Hft  has  no  moving  parts  below  ground 
to  get  out  of  order.  If  the  wells  are  close  together,  steam  may 
be  used,  distributed  from  a central  station,  or  air  from  a central 
compressor  plant;  but  if  they  are  widely  separated,  or  the  power 
required  is  small,  individual  electric  motors  or  internal-combus- 
tion engines  are  preferable  for  pumps,  although  compressed  air 
can  be  distributed  for  considerable  distances. 

The  importance  of  rehabihty  of  a given  pump  varies  with  the 
relative  number  and  capacity  of  other  pumps  in  the  same 
service,  and  the  amount  of  water  storage  between  pump  and 
consumer.  If  there  is  no  such  storage,  reliability  of  service  is 
supremely  important.  If  storage  sufficient  for  several  days  can 
be  counted  upon,  a few  hours’  stoppage  of  pumping  is  not 
so  important. 

If  pumping  is  from  a river  subject  to  a rise  of  20  feet  or 
more,  the  pump  must  generally  be  in  a watertight  well  at  least 
as  deep  as  the  height  of  maximum  flood  above  low  water  less 
15  feet.  Under  such  conditions  the  horizontal  space  occupied 
should  be  a minimum,  while  height  is  an  advantage  as  bringing 
the  motor  end  of  the  mechanism  above  possible  floods  or  leakage 
into  the  well.  Hence  a vertical  pumping  engine,  or  a centrif- 
ugal pump  operated  from  a motor  elevated  above  reach  of  flood, 
is  to  be  preferred.  Also  if  the  plant  is  located  in  the  heart  of 
a city  or  any  other  locality  where  land  is  expensive  or  the 
amount  obtainable  is  limited,  the  floor  space  occupied  by  the 
plant  is  an  important  consideration.  A vertical  pumping  engine 
generally  requires  a more  sohd  foundation  than  a horizontal 
one.  In  the  case  of  restricted  area  there  may  not  be  room  for 
a boiler  plant,  or  there  may  be  objection  to  the  smoke,  ashes, 
coal  hauling,  etc.,  in  a select  neighborhood,  when  electric  power, 
or  a Diesel  or  other  high-duty  internal-combustion  engine  may 
be  advisable.  The  same  may  also  be  the  solution  if  the  plant 
is  located  at  a point  not  easily  accessible  for  a coal  siding  or 
team  hauling. 

Any  pump  may  at  some  time  meet  with  an  accident,  and  all 
are  subject  to  wear  in  parts  that  should  be  adjusted  or  replaced 
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from  time  to  time.  Also  in  most  cities  the  consumption  varies 
from  week  to  week  and  increases  from  year  to  year.  For  these 
reasons  it  is  advisable  to  have  at  least  two  pumps  in  the  plant, 
and  to  increase  the  number  to  three  or  four  as  the  plant  grows. 
If  the  present  consumption  seldom  exceeds  one  million  gallons 
a day,  a two-million  gallon  pump  (to  operate  part  time  only), 
and  a three-million  might  be  installed,  the  latter  used  as  a 
reserve  until  the  consumption  had  increased  about  50  per  cent, 
when  it  would  be  put  into  regular  service  and  the  other  held  in 
reserve,  being  still  able  to  pump  that  amount  by  sixteen  hours 
operation  per  day.  Or  two  two-million  gallon  pumps  might  be 
installed,  a high  duty  for  regular  service  and  a low  duty  and 
cheaper  one  for  reserve;  the  latter  to  be  replaced  by  a three- 
or  four-million  pump  when  the  consumption  required.  It 
should  be  remembered  that  while  continuous  twenty-four 
hour  pumping  is  more  economical  of  fuel  than  banking  fires  every 
night,  one  shift  of  engineer  and  fireman  is  much  cheaper  than 
the  two  or  three  shifts  that  would  be  required  for  more  than  nine 
or  eighteen  hours’  pumping.  But  of  course  in  direct-pressure 
systems  the  pumps  must  be  kept  operating  continuously,  and  in 
addition  to  one  reserve  pump  there  should  be  sufficient  pump 
capacity  to  supply  the  total  maximum  of  combined  normal 
and  fire  consumption.  It  is  generally  economical  to  have  one 
pump  with  a capacity  of  the  maximum  normal  consumption, 
a reserve  with  the  same  capacity,  and  another  reserve  capable 
of  increasing  pressure  and  quantity  to  meet  fire  needs;  the  last 
operated  electrically  or  by  a reliable  internal  combustion  engine, 
so  that  it  can  be  placed  in  full  operation  on  five  minutes’  notice. 

As  to  boilers,  the  fire  underwriters  give  as  a minimum 
reserve  capacity  one-fourth  the  entire  capacity  required  to  oper- 
ate all  the  pumps  that  will  be  needed  at  time  of  maximum  con- 
sumption, there  being  at  least  one  boiler  so  held  in  reserve.  In 
a small  plant  it  may  be  most  economical  to  provide  two  boilers 
of  equal  capacity,  to  be  used  alternately,  utilizing  the  alternation 
of  use  for  cleaning  of  flues,  etc.  For  larger  plants  the  number 
may  be  increased  up  to  five  (and  even  more  for  the  largest), 
one  held  in  reserve,  and  one  or  two  used  for  peak  loads  when  the 
consumption  varies,  as  in  a direct  or  direct-indirect  system. 
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For  boiler  pressure  of  150  pounds  or  under  and  in  small  plants, 
the  return- tubular  boiler  is  probably  to  be  preferred;  but  for 
higher  pressures  and  large  plants  the  water-tube  boiler  is  almost 
necessary. 

Economy.  More  difficult  than  the  selection  for  effectiveness 
and  reliability  is  that  on  the  basis  of  economy.  Ultimate 
economy  involves  the  first  cost  of  the  entire  plant,  including 
buildings;  the  cost  of  adequate  excess  capacity  to  provide  for 
emergencies  and  increase  in  consumption;  the  number  of  years 
before  it  will  wear  out,  become  too  small,  or  become  economically 
out  of  date  (depreciation  and  obsolescence) ; the  cost  of  keeping 
it  in  repair  and  prime  w^orking  condition  (maintenance);  the 
cost  of  fuel  and  of  attendance  (operation) ; the  value  of  the  plant 
as  a reserve  when  dropped  from  regular  service;  the  cost  of  land, 
foundations,  and  buildings  required  to  support  and  contain  it. 
To  combine  all  of  these,  each  must  be  reduced  to  the  basis 
either  of  annual  cost  or  of  capital  investment;  that  is,  a per- 
centage of  the  lump  sum  cost  is  taken  equal  to  the  sum.  of  the 
interest  on  such  cost  and  the  annual  depreciation  and  obso- 
lescence, which  sum  is  considered  as  the  annual  cost  of  this 
item,  and  this  and  the  actual  annual  maintenance  and  opera- 
tion costs  are  added  together  to  obtain  the  total  annual  costs. 
The  plant  gi\dng  the  lowest  total  annual  cost  is  the  most 
economical.  Or  the  sum  may  be  calculated  which,  at  a certain 
interest  rate,  will  yield  the  annual  operating  and  maintenance 
costs  and  provide  for  depreciation,  and  this  sum  be  added  to 
all  the  lump  costs  to  give  a total  capitalized  cost  for  compari- 
son. The  former  is  the  more  common  method. 

In  general,  the  plant  of  a given  t>pe  that  develops  the  highest 
duty  costs  the  most  and  also  requires  more  expensive  operators 
and  more  minor  repairs  and  constant  attention.  It  is  apparent 
that  if  such  a plant  is  purchased,  the  additional  cost  is  wasted  if 
the  high  efficiency  is  not  maintained  continuously  in  ser\dce. 
Duty  of  a plant  ultimately  reduces  to  the  basis  of  fuel  used,  and 
extra  cost  of  high  duty  must  be  more  than  offset  by  cost  of  fuel 
saved  to  be  economical.  Therefore  the  cheaper  the  fuel  the  less 
can  be  paid  for  high  duty.  High-duty  engines  are  seldom  econ- 
omical in  a district  where  coal  is  very  cheap. 
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The  same  applies  to  comparing  types.  If  a gasoline  pumping 
plant  costs  much  less  than  a steam  plant  (including  boilers,  boiler 
house,  etc.),  it  may  or  may  not  be  more  economical,  depending 
upon  the  relative  cost  per  year  of  the  coal  and  gasoline,  respect- 
ively, and  of  the  operating  force  and  repairs.  As  the  cost  of 
gasoline  rises,  the  gasoline  engine  loses  more  of  its  advantage  of 
low  first  cost. 

In  making  these  analyses,  care  must  be  taken  to  include 
all  elements,  such  as  cost  of  land  and  housing,  of  foundations, 
value  of  plant  when  dropped  from  regular  active  service;  also 
to  consider  the  possibility  of  future  increase  or  decrease  in  the 
cost  of  fuel,  and  how  the  anticipated  increase  in  consumption 
can  be  provided  for.  As  to  the  last,  all  pumping  plants  operate 
more  efficiently  at  full  capacity  that  at  part;  a steam  plant  may 
use  8o  per  cent  as  much  steam  when  performing  only  one-third 
as  much  work.  Consequently  it  is  better  to  pump  few  hours 
at  full  capacity  than  two  or  three  times  as  long  at  half  or  third 
capacity.  Coal  is  in  most  cases  but  30  to  45  per  cent  of  the  total 
operating  cost,  the  percentage  decreasing  as  the  size  of  the  plant 
decreases.  For  small  plants  (1,000,000  gallons  or  less)  the  fuel 
is  a small  item  and  other  costs  will  largely  control. 


The  annual  cost  of  fuel  used  in  a steam  plant  equals 
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in  which  T is  the  number  of  hours  during  the  year  that  pumping 
is  required  (plus  an  allowance  for  banking  fires);  C is  the  cost 
of  coal  per  ton  of  2000  pounds;  P is  the  average  indicated 
horse-power  of  the  engine;  D is  the  average  service  duty  per 
1000  pounds  of  steam,  and  E is  the  evaporation  factor  of  the 
boiler  (approximately  8 pounds  of  water  per  pound  of  good 
bituminous  coal) ; or  DE  is  the  station  duty  in  terms  of  pounds 
of  coal. 

The  cost  of  boilers  decreases  with  the  duty  of  the  pump, 
thus  tending  to  offset  the  higher  cost  of  high-duty  pumps.  Thus, 
allowing  10  square  feet  of  boiler  heating  surface  per  boiler  horse- 
power, 1.63  boiler  horse-power  per  pump  horse-power  is  required 
if  the  duty  is  40  million  per  1000  pounds  of  steam,  but  only 
0.33  boiler  horse-power  for  a duty  of  200  million. 

An  illustration  of  a comparison  of  three  types  of  steam 
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pumping  engines  for  a certain  service  is  given  herewith.  The 
figures  and  conclusions  apply,  of  course,  only  to  this  particular 
case: 

COMPARISON  OF  CONSTRUCTION  AND  ANNUAL  COST  OF  THREE 
TYPES  OF  PUMPS 

From  paper  by  Nicholas  S.  Hill  before  Municipal  Engineers  of  the  City  of 

New  York. 


Type  of  Pumping  Engines. 


Items. 

Horizontal 

Cross 

Compound. 

Horizontal 

Triple 

Expansion. 

Vertical 

Triple 

Expansion. 

Cost  of  construction: 

Engines  (four) 

$237,000 

$304,000 

$425,000 

Engine  foundations 

8,500 

12,600 

Boilers  and  foundations  required  for  complete 

station 

45,000 

41,500 

41,500 

Superheater 

11,000 

11,000 

11,000 

Economizer 

16,000 

16,000 

16,000 

Chimney  (radial  brick).  . 

10,000 

10,000 

10,000 

Buildings  required  for  complete  station 

60,000 

72,000 

72,600 

Centrifugal  pumps 

18,000 

18,000 

18,000 

Four  valve  engines  for  centrifugal  pumps 

24,500 

24,500 

24,500 

Foundations  for  centrifugal  pump  and  engines 

1,000 

1,000 

1,000 

Generators,  engine  switch-board  and  founda- 

tions  

20,300 

20,300 

20,800 

Steam  piping 

10,000 

10,000 

10,000 

Total  cost  of  station;  above  basement  floor; 
not  including  sub-foundation,  suction  intake, 
discharge  piping 

461,300 

540,900 

650,400 

Yearly  cost  of  pumping: 

Fuel 

90.000 

20.000 

85.000 

20.000 

80.000 

20.000 

Wages 

Repairs  to  machinery 

5,400 

6,300 

8,100 

Supplies,  oil  and  waste 

5,000 

5,500 

5,500 

Interest  and  depreciation • 

39,200 

46,000 

55,300 

Refunding  sinking  fund 

13,950 

16,350 

19,670 

Total  yearly  cost  of  pumping 

173,550 

179,150 

188,570 

If,  as  is  usually  the  case,  the  pump  is  not  to  be  operated  all 
the  time,  the  comparison  of  fuel,  wages,  and  supplies  should  be 
based  on  the  actual  pumping  done.  Thus,  in  the  above  calcula- 
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tion,  if  the  assumption  was  on  a basis  of  24-hour  pumping, 
and  another  should  be  made  based  on  twelve  hours  of  pumping 
per  day,  the  yearly  costs  would  be  as  follows: 


Fuel  (including  5 per  cent  for  banking  fires)  . . 

Wages 

Repairs  to  machinery 

Supplies,  oils  and  waste 

Interest  and  depreciation 

Refunding  sinking  fund 

Total  yearly  cost  of  pumping 


$47,250 

10,000 

2,700 

2,500 

39,200 

13,950 


115,600 


$44,625 

10.000 

3,150 

2,750 

46.000 
16,350 


122,875 


$42,000 

10,000 

4,050 

2,750 

55,300 

19,670 


133,770 


This  is  still  more  favorable  to  the  cheapest  machine.  Inci- 
dentally it  shows  that  the  cost  per  million  gallons  pumped 
is  increased  one-third  by  using  the  plant  only  half  time  but  at 
full  capacity  while  in  service. 

In  selecting  a reserve  unit,  the  same  principle  is  employed, 
but  the  pump  is  assumed  to  be  operating  only  a part  of  the  time 
— say  10  per  cent.  It  follows  that  first  cost  is  the  chief  item 
in  economy  for  such  a pump;  but  even  more  important  is  it  that 
the  pump  be  reliable  and  one  that  will  suffer  least  in  efficiency 
and  dependableness  by  non-use. 

In  comparing  the  coal  consumption  of  different  types  of 
pumps,  it  may  be  tentatively  assumed  that  the  duty  per  1000 
pounds  of  steam  will  run  about  as  follows : 

Vertical,  triple  expansion,  crank  and  flywheel. . . 150  to  200  million 
Horizontal,  cross-compound,  crank  and  flywheel,  no  to  150  million 


Horizontal,  duplex,  direct-acting,  triple 75  to  no  million 

Horizontal,  duplex,  direct-acting,  compound 50  to  70  million 

Centrifugal  pumps,  steam  turbine  driven 70  to  90  million 

Centrifugal  pumps,  engine  driven 70  to  90  million 


The  nearest  approach  to  a perfect  pumping  plant  now 
available  for  conditions  found  in  the  average  plant  of  large 
capacity  would  probably  consist  of  vertical,  triple  expansion 
pumping  engines,  with  long  stroke  and  maximum  piston  travel 
of  200  feet  pe^  minute,  steam  jacketed,  using  superheated  steam 
at  175  pounds  gage  pressure;  water- tube  boilers  with  mechani- 
cal stokers,  a draught  of  at  least  0.8  inch  of  water,  with  feed  water 
heated  by  economizers  and  heaters. 
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But  for  smaller  plants  the  refinements  just  named  would 
cost  more  than  they  could  possibly  return  in  fuel  saved.  J.  N. 
Chester  considers  that  for  a principal  pumping  unit,  under 
average  conditions,  the  compound  condensing  is  the  best  for 
daily  capacities  of  between  one  and  two  million  gallons;  direct- 
acting  triple  expansion  for  2,000,000  to  4,500,000  gallons;  cross 
compound  for  4,500,000  gallons  to  8,000,000  gallons;  and  the 
vertical  triple  expansion  above  this.  Also  that  the  station  duty 
per  100  pounds  of  coal  that  these  should  give  in  service  varies 
between  20  and  30  million  for  the  first;  between  40  and  50  for 
the  second;  50  and  70  for  the  third,  and  70  and  100  for  the  fourth. 
(These  are  about  half  the  test  duties  obtained.)  For  reserve 
units  he  recommends  compound  condensing  up  to  3 million 
capacity;  direct-acting  triple  between  3,000,000  and  5,500,000, 
and  steam-turbine  driven  centrifugal  for  all  larger  sizes. 

For  less  than  one  or  two  million  gallons  per  day  capacity 
the  internal  combustion  engine  should  be  considered,  driving 
a power  pump.  Distillate,  kerosene,  and  gasoline  differ  little  in 
their  heat  values,  but  the  first  two  cannot  be  used  by  all  engines. 
Their  relative  costs  vary  considerably  from  time  to  time.  A 
semi-Diesel  engine  will  use  approximately  f to  i pint  of  fuel 
oil  per  brake  horse-power.  The  semi-Diesel  engine  is  generally 
used  for  small  plants,  and  the  Diesel  for  those  of  more  than 
100  to  150  h.p.  The  latter  has  a better  fuel  economy.  The  cost 
of  an  internal-combustion  engine  and  pump  is  generally  more 
than  that  of  a steam  pumping  engine  alone,  but  not  if  the  boiler 
and  steam  piping  be  considered.  The  oil  engine  cannot  carry 
so  much  overload  as  the  steam,  its  depreciation  and  repair  rates 
are  higher,  but  the  attendance  labor  is  less,  especially  in  small 
plants.  As  stated  before,  the  present  makes  of  oil  engine  are 
less  reliable  than  a steam  engine,  and  more  skill  is  required  to 
keep  them  running  smoothly. 

STATION  DETAILS 

In  planning  the  pumping  station  it  should  of  course  be  made 
large  enough  and  high  enough  to  contain  the  pumps,  boilers,  and 
all  auxiliary  apparatus.  When  possible  it  is  well  to  delay  the 
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designing  of  the  building  until  the  contract  for  the  pumping 
plant  has  been  awarded,  and  make  it  to  fit  this.  Give  due 
consideration  to  the  need  of  duplicating  the  plant  in  the  future, 
by  either  making  the  station  at  once  of  ample  size  for  this 
or  providing  for  adding  wings  or  extensions  later.  The  boiler 
room  should  be  separated  as  completely  as  possible  from  the 
engine  room  to  prevent  ashes  from  the  former  entering  the  air 
of  the  latter. 

The  coal  house  should  be  as  near  the  fire  doors  as  possible, 
to  reduce  the  handling  of  coal.  A good  plan  is  to  place  a long 
coal  room  just  in  front  of  the  boilers,  with  only  sufficient  room 
between  to  permit  of  using  the  rake,  flue  cleaners,  and  other 
boiler  tools.  The  boiler  room  should  be  well  built-in  to  prevent 
unnecessary  radiation  of  heat  in  winter.  Boilers  have  been 
known  to  have  their  efficiency  decreased  5 per  cent  or  more  by 
cold  weather.  Facilities  for  delivering  coal  to  the  station 
should  not  be  neglected.  It  should  be  near  a railroad,  canal,  or 
navigable  river  if  possible.  If  the  coal  come  by  rail  it  may  be 
economical  to  furnish  a siding  into  the  coal  room  or  along  its 
outer  side;  and  if  by  water,  to  provide  a dock  and  hoisting- 
derrick  for  filling  the  bins. 

Foundations  should  be  given  most  careful  attention.  Where 
it  is  possible  to  reach  rock,  a sohd  concrete  foundation  for  the 
pumps  should  be  carried  down  to  this,  or  at  least  walls  or 
piers  connected  at  the  top  by  heavy  reinforced  slabs.  If  rock 
is  not  within  reach,  piles  driven  to  hardpan  may  be  used,  their 
heads  extending  into  a heavy  slab  of  concrete  forming  the 
foundation.  Piles  not  reaching  hardpan  or  rock  are  Hable  to 
settle  owing  to  the  vibration  of  the  engine.  If  the  foundation 
of  an  engine  rests  on  earth,  it  should  be  spread  so  that  the  load 
on  the  earth  shall  not  exceed  about  800  pounds  per  square  foot, 
to  allow  for  this  vibration. 

All  piping  should  be  planned  before  the  foundation  is  made, 
so  that  provision  may  be  made  in  the  latter  for  any  pipes  below 
the  floor  level.  The  engine  makers  generally  furnish  a Vooden 
template  for  setting  the  anchor  bolts  in  the  foundation.  If  the 
engine  and  pump  are  on  different  foundations,  the  greatest  care 
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should  be  taken  to  see  that  the  two  are  properly  adjusted  to 
bring  the  couplings,  connecting  gear,  or  belt  pulleys  into  exact 
alignment. 

The  boilers  being  motionless  and  largely  self-contained,  their 
foundations  can  be  calculated  on  a basis  of  2500  to  3000  pounds 
per  square  foot  of  earth  (the  weight  of  water  in  the  boilers  not 
being  forgotten),  although  here  also,  of  course,  rock  is  preferable. 
The  chimney  foundation  has  already  been  referred  to. 

The  steam  piping  is  generally  designed  by  the  contractors 
furnishing  the  pumping  plant  or  boiler  plant.  It  should  be 
as  direct  as  possible,  with  no  unnecessary  angles.  If  the  pipes 
are  too  small,  energy  is  lost  in  friction  of  the  steam  passing 
through  them;  if  they  are  too  large,  there  is  more  radiating 
surface  and  more  time  consumed  by  the  steam  in  getting  from 
boiler  to  pump,  and  therefore  more  loss  of  heat.  The  pipes 
should  be  completely  covered,  flanges  and  all,  with  closely 
fitting  heat  insulating  material.  The  loss  of  heat  from  bare 
steam  pipes  is  about  3 B.t.u.  per  square  foot  of  pipe  surface  per 
hour  for  each  degree  difference  in  temperature,  but  this  may  be- 
reduced  to  0.3  to  0.7  B.t.u.  by  good  insulation.  Provision 
for  longitudinal  movement  due  to  expansion  and  contraction 
should  be  made  in  the  supports  of  the  steam  pipe.  The  move- 
ment may  be  taken  at  about  i inch  for  each  50  feet  of  pipe. 

In  the  pump  room  should  be  placed  gages  showing  steam 
pressure  in  the  boilers,  water  pressure  in  the  discharge  pipe  and 
vacuum  in  the  suction,  and  the  amount  of  discharge  as  measured 
by  a meter  (generally  of  the  venturi  type).  There  should  be 
recording  as  well  as  reading  gages.  There  should  be  pump 
counters  to  record  the  number  of  strokes  of  each  engine. 

The  boiler  room  should  be  well  ventilated,  and  in  large 
plants  is  generally  provided  with  facilities  for  handling  both 
coal  and  ashes  by  mechanical  stokers  and  ash  conveyors. 

The  engine  room  should  be  light  and  well  ventilated.  Walls 
of  white  or  light  enameled  brick  or  other  non-absorptive  sub- 
stance from  which  oil  can  be  removed  easily  are  advisable. 
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DAMS  AND  EMBANKMENTS 

Art.  64.  Materials  for  Construction 

Dams  have  been  built  of  earth,  loose  rock  (“  rock-fill  ”), 
timber,  iron,  and  steel,  and  of  concrete,  stone,  and  brick 
masonry;  and  cores  of  timber,  iron,  and  masonry  have  been 
used  in  many  dams  of  the  first  and  second  classes.  Of  these, 
masonry  is  the  most  substantial  and  tightest,  timber  probably 
comes  next  (within  the  lifetime  of  the  timber),  and  loose  rock 
and  earth  last.  Iron  and  steel  have  been  used  for  few  other 
than  movable  dams,  except  as  a facing  or  core.  A poorly 
designed  or  constructed  masonry  dam  may  of  course  be  weaker 
or  more  porous  than  a timber  or  earthen  one;  but  the  above 
order  will  hold  generally  for  properly  designed  and  well-built 
dams. 

Timber  dams  are  most  applicable  for  use  as  weir  dams 
or  overflow  dams — that  is,  those  over  whose  crests  water  flows 
— because  of  the  tendency  of  the  timber  to  rot  if  alternately 
wet  and  dry.  Earth  dams,  on  the  other  hand,  will  surely  fail 
if  any  water  whatever  flows  over  them.  Rock-fill  dams  are  not 
intended  to  serve  as  weirs,  and,  although  an  occasional  small  flow 
over  their  crests  may  not  prove  fatal,  should  not  be  designed  to 
serve  as  such. 

Masonry  is  the  only  material  adaptable  to  weir  dams  of 
permanent  construction.  It  is  also  used  for  high-crest  dams 
which  are  not  intended  to  pass  water,  when  absolute  stability  or 
tightness  is  desired,  or  when  the  height  of  the  dam  exceeds  6o  to 
75  feet  (although  earth  dams  have  been  constructed  much  higher; 
as  the  San  Leandro,  Cal.,  dam,  125  feet  high).  Earth  dams 
are  especially  adapted  to  locations  where  there  is  not  a sufficiently 
firm  foundation  to  support  a masonry  dam,  or  where  the  cost  of 
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one  would  be  excessive;  as  in  the  case  of  the  Honey  Lake  valley 
Cal.,  dam,  ii8  feet  high,  which  was  so  inaccessible  that  haulage 
brought  the  cost  of  cement  up  to  $8.25  per  barrel.  If  the 
distance  to  bed  rock  or  excessive  cost  render  the  use  of  masonry 
inadvisable,  and  an  overflow  dam  is  required,  a timber  dam  is 
probably  the  only  alternative;  but  if  the  work  is  extensive,  the 
dam  more  than  40  or  50  feet  high,  or  a permanent  construction 
desired,  masonry  must  be  used  at  whatever  cost. 

It  may  sometimes  be  desirable,  for  financial  reasons  or 
to  give  time  for  a more  thorough  study  of  the  run-off  or  other 
conditions  prior  to  making  final  plans,  to  construct  a temporary 
dam  of  timber  a little  above  the  best  location  for  a masonry 
dam,  and  build  a masonry  dam  at  this  location  sometime  within 
ten  or  twenty  years,  for  which  length  of  time  a well-cons tructe  1 
timber  dam  should  be  perfectly  sound. 

Art.  65.  Foundations 

The  most  important  feature  of  a masonry  dam  is  the  founda- 
tion. The  great  majority  of  the  serious  failures  of  such  dams 
have  been  caused  by  a weak  or  otherwise  inferior  foundation 
and  not  by  weakness  of  the  structure  itself,  as  such.*  In  the 
case  of  dams  of  other  materials  also,  the  foundation  is  very  impor- 
tant. A location  for  a dam  should  therefore  never  be  definitely 
selected  until  the  foundation  has  been  thoroughly  examined. 

A foundation  for  any  dam  should  be  practically  tight. 
Probably  no  rock  is  perfectly  impervious  to  water  under  a high 
head,  but  it  should  be  definitely  ascertained  that  there  are  no 
seams  by  which  water  could  escape  under  the  dam  or  around 
its  ends,  and  that  not  sufficient  water  can  seep  through  the  rock 
to  a clay  seam  below  to  cause  an  eroding  velocity  therein.  If 
there  are  such  seams,  a trench  should  be  carried  downward,  or 
extended  at  the  end  of  the  dam,  until  solid  rock  without  seams 
is  reached.  If  there  is  a clay  seam  under  the  top  stratum  of 
rock,  unless  the  latter  is  very  thick  or  the  dam  is  low,  the  masonry 

* Edward  Wegmann  knows  of  but  five  masonry  dams  more  than  49  feet  high 
that  have  failed,  and  bad  foundation  was  the  cause  in  each  of  these,  assisted  by 
poor  masonry  in  one  case. 
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dam  (or  core  wall,  if  the  dam  itself  is  not  of  masonry)  should 
be  carried  to  rock  below  such  clay  seam.  Some  of  the  most 
disastrous  failures  of  masonry  dams  have  been  caused  by  the 
washing  out  of  such  clay  seams  and  consequent  caving  down  of 
the  superimposed  rock,  this  being  caused  by  the  pressure  of  the 
water  behind  the  dam  or  the  back-wash  under  the  toe  of  the 
dam  occasioned  by  the  storm  overflow. 

Before  beginning  a masonry  dam,  all  soil  above  bed  rock 
must  be  removed,  all  boulders  and  loose  or  seamy  rock,  thin 
shells,  and  everything  down  to  solid  bed  rock.  The  higher 
the  dam,  the  more  important  this  work,  of  course.  Since 
masonry  is  practically  inflexible,*  an  unyielding  foundation 
is  necessary  if  there  are  to  be  no  unknown  or  unprovided-for 
stresses  in  the  structure  that  may  cause  its  rupture. 

If,  when  the  solid  rock  is  reached,  there  are  found  to  be  a few 
joint  or  other  seams  but  the  rock  is  otherwise  sound,  these  may 
sometimes  be  filled  with  cement  mortar  worked  in  from  the 
surface  or  grout  forced  in  under  pressure  through  drilled  holes; 
but  this  should  be  relied  on  only  after  a most  thorough  investiga- 
tion and  by  advice  of  experts. 

Only  by  the  excavation  of  the  overlying  soil  and  loose  rock 
can  the  character  of  the  foundation  be  known  with  certainty; 
but  it  is  generally  desirable  to  have  an  approximate  knowledge 
of  it  beforehand  as  a guide  in  preparing  plans  and  letting  con- 
tracts. This  can  be  obtained  by  sinking  test  pits  through  soil 
or  by  wash  borings  (the  former  is  much  preferable),  and  by  core 
borings  in  rock.  The  last  should  be  filled  with  cement  where 
they  extend  below  the  final  excavation,  to  prevent  leakage 
through  them. 

Comparatively  small  and  low  masonry  dams  may  be  set  upon 
heavy  timber  foundations  resting  upon  piles  or  a solid  hardpan 
foundation;  but  only  the  greatest  care  to  prevent  undermining 
of  the  foundation  and  a large  factor  of  safety  in  the  masonry 
can  render  such  a dam  secure.  Close  sheet-piling  should  be 
earried  entirely  across  the  upper  end  of  the  foundation,  placed 

* There  is  a very  slight  flexibility  to  masonry,  but  safety  demands  that  it  be 
not  called  into  play  intentionally. 
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in  a trench  which  has  been  dug  down  to  and  a foot  or  two  into 
hardpan  or  clay,  and  puddle  well  rammed'  into  the  trench  on 
each  side  of  the  sheeting.  The  sheeting  should  be  carried  up 
2 or  3 feet  higher  than  the  foundation  and  the  space  between 
it  and  the  masonry  filled  with  concrete  or  puddle.  The  founda- 
tion should  be  carried  down-stream  from  the  dam  for  a dis- 
tance at  least  equ?^  to  the  height  of  the  dam,  to  act  as  an  apron 
to  prevent  the  falling  water  from  undermining  the  foundation. 
At  the  end  of  the  apron  should  be  placed  sheet-piling  to  prevent 
undermining  of  the  apron,  but  openings  of  small  area  should  be 
left  in  this  to  permit  the  escape  of  any  water  forced  under  the 
apron  from  above  the  dam,  which  might  otherwise  force  up  the 


apron  by  hydrostatic  pressure.  In  the  case  of  a weir  dam  or 
spillway,  a dam  2 or  3 feet  high  is  sometimes  placed  at  the 
end  of  the  apron  to  form  a water  cushion  at  the  face  of  the 
dam,  as  shown  in  the  illustration. 

It  should  be  borne  in  mind  that  such  a foundation  has  to 
resist  not  only  the  weight  of  the  dam,  but  also  the  pressure  at  the 
toe  due  to  the  pressure  of  water  behind  the  dam,  and  the  hori- 
zontal pressure  of  this  water  also.  Also  the  apron  must  resist  the 
impact  of  extreme  floods  overflowing  the  dam.  Most  important 
is  it  that  the  cut-off  wall  back  of  the  dam  be  tight;  for  any  leak- 
age under  the  dam,  under  the  pressure  of  the  water  above,  would 
result  in  erosion  which  would  sooner  or  later  undermine  the 
foundation  and  probably  reduce  the  stability  of  the  foundation 
piling. 

When  a masonry  dam  rests  upon  rock,  the  top  of  the  rock 
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should  be  left  very  rough  and  uneven.  If  it  .is  smooth  from 
being  water- worn  or  glacial  action,  or  is  a smooth  natural  bed, 
a cut-off  trench  should  be  excavated  at  the  up-stream  edge 
(heel)  of  the  dam  to  prevent  water  penetrating  under  the  founda- 
tion. Also  a trench  should  be  excavated  at  the  toe  of  the  dam 
to  prevent  its  sliding  on  the  foundation,  unless  the  entire  founda- 
tion is  so  excavated  in  rock  as  to  effect  this  purpose. 

A rock-fill  dam  should  rest  upon  rock  as  safe  as  that  for  a 
masonry  dam;  for  more  or  less  water  finds  its  way  through 
such  dams,  which  would  erode  any  earth  under  the  dam  and 
cause  it  to  settle. 

Timber  dams  are  preferably  placed  on  rock;  but  are  often 
placed  on  hardpan  or  clay,  in  which  case  one  or  several  cut-offs 
of  sheet-piling  and  puddle  should  be  provided,  each  carried 
continuously  for  the  entire  length  of  the  dam  and  put  down  to  a 
depth  which  will  prevent  water  being  forced  under  it  by  the 
greatest  head  of  water  that  can  form  behind  the  dam. 

While  masonry  dams  should  always  rest  on  rock  if  possible, 
earth  dams,  or  embankments,  should  never  do  so  if  it  can  be 
avoided;  for  it  is  practically  impossible  to  prevent  water 
following  the  surface  of  rock  with  which  earth  is  in  contact. 
Where  earth  must  rest  upon  rock,  the  rock  surface  should  be 
made  rough — preferably  cut  into  trenches  or  “ saw  teeth  ” 
parallel  to  the  axis  of  the  dam  and  the  embankment  packed 
solidly  into  these;  and  in  addition  a water-tight  core  wall  should 
be  carried  the  entire  length  of  the  dam  and  up  to  the  highest 
level  reached  by  the  impounded  water. 

Even  rock,  however,  is  a better  foundation  for  an  earth 
dam  than  porous  soil,  and  ail  such  as  well  as  all  vegetable  matter 
(which  will  decay  and  leave  voids)  should  be  removed  from  under 
an  earth  dam.  “ Porous  ” is  a relative  term,  as  water  will  prob- 
ably seep  slowly  through  any  soil;  but  the  movement  should 
be  so  slow  that  no  erosion  or  movement  of  earth  particles  will 
take  place.  If  such  erosion  once  begins,  the  dam  is  probably 
doomed  unless  it  can  be  stopped.  The  rate  of  motion  depends 
upon  the  head  of  water  on  the  soil,  the  nature  of  it,  and  the 
distance  through  which  the  v/ater  must  move  before  finding  a 
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free  outlet.  The  last  can  be  increased  by  increasing  the  width 
of  the  base  of  the  dam,  and  this  is  frequently  done,  embankment 
slopes  as  flat  as  33  to  i having  been  employed  in  some  cases, 
although  between  2 and  5 to  i are  more  common.  (With  both 
embankment  slopes  5 to  i and  a 30-foot  top  width,  the  distance 
to  be  traveled  by  water  which  is  passing  under  the  embankment 
will  be  30  feet  plus  10  times  the  height  of  the  embankment, 
or  530  feet  for  a dam  50  feet  high.) 

If  the  formation  below  the  top  soil  is  porous  but  solid  (hke 
clean  gravel)  and  rests  upon  hardpan  or  clay,  seepage  under 
the  dam  may  be  prevented  by  cut-off  walls  of  sheet  piling  and 
clay  puddle,  or  of  concrete,  carried  down  into  the  impervious 
material;  but  even  with  these,  chief  reliance  should  be  placed  in 
a tight  core  well. 

In  any  case,  the  surface  of  the  earth  forming  the  foundation 
should  be  furrowed  or  trenched  longitudinally  of  the  dam,  to 
secure  a better  bonding  between  foundation  and  embankment. 

Art.  66.  Designing  Masonry  Dams 

A masonry  dam,  of  either  stone  masonry  or  concrete,  is 
assumed  to  be  a rigid,  monolithic  mass.  It  may  yield  in  one 
of  three  ways  (in  addition  to  yielding  of  the  foundation):  It 
may  be  overturned  as  a whole,  revolving  about  the  toe,  or  the 
part  above  any  horizontal  plane  may  so  revolve;  it  may  slide 
as  a whole  on  the  foundation,  or  any  part  may  slide  on  the  part 
below  it;  or  it  may  yield  by  crushing  of  the  masonry.  The 
forces  acting  are:  The  weight  of  the  masonry;  the  static  pres- 
sure of  the  water;  the  dynamic  effect  of  a river  current,  waves, 
floating  logs,  ice,  or  other  floating  solid  matters;  the  pressure 
of  ice  in  expanding;  suction  on  the  face  due  to  water  over- 
flowing the  crest;  and  the  pressure  of  wind. 

The  static  pressure  of  water  on  any  vertical  element  of  the 
dam  I foot  long,  in  pounds  is  31.25  h{h-\-d),  in  which  h is  the 
height  of  dam  or  of  the  part  below  the  water  surface,  and  d the 
depth  of  flow  over  its  crest,  both  in  feet.  This  is  exerted  normal 
to  the  surface  in  contact  with  water.  If  there  is  any  comm  uni- 
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cation  between  the  water  behind  the  dam  and  the  under  side 
of  the  dam  (which  the  heel  cut-off  is  designed  to  prevent,  but 
may  not),  there  is  an  upward  pressure  on  the  base  of  the  dam 
equal  to  62.5  {h-^d)  pounds  per  square  foot;  but  the  area  over 
which  such  pressure  is  exerted  will  generally  be  confined  to 
small  channels  in  the  mortar,  or  the  areas  over  seams  through 
which  water  finds  access  to  the  foundation.  Both  of  these  should 
be  negligible  in  area. 

The  pressure  due  to  a river  current  will  seldom  be  appre- 
ciable in  amount,  except  at  the  very  crest,  and  here  will  probably 
never  exceed  100  pounds  per  square  foot.  It  can  be  neglected 
in  practical  designs,  except  perhaps  for  flash  boards.  The  impact 
diie  to  waves  will  probably  never  exceed  3000  pounds  per  square 
foot  in  the  largest  reservoirs,  and  will  seldom  exceed  1000  pounds. 
This  is  exerted  against  the  crest  of  the  dam  only,  as  is  also  the 

Wv 

impact  of  floating  logs  and  ice,  which  equals  — . It  is  not 

gi 

probable  that  any  such  matter  will  strike  the  dam  when  there 
is  a depth  over  the  crest  of  more  than  3 feet;  at  which  depth 
the  velocity  of  flow  over  the  crest  will  be  about  8 feet  per  second, 
which  would  make  the  energy  of  the  moving  logs  or  ice  about  W, 

W 

and  the  impact  about  — . A tree  or  log  would  not,  therefore, 

4 

probably  strike  a dam-crest  with  an  impact  greater  than 
4500  pounds;  and  probably  a height  of  2 feet  on  the  crest  and 
2250  pounds  impact  would  be  high  enough  for  most  cases. 

Ice  may  exert  a pressure  of  43,000  pounds  per  Hneal  foot 
(report  on  Quaker  Bridge  dam);  but  there  appears  to  be  only 
one  case  on  record  where  a dam  has  failed  from  this  cause — 
at  Minneapolis,  where  a retaining  wall  paralleled  the  dam 
350  feet  away,  the  dam  was  moved  a foot  at  water  level  by  ice 
4 feet  thick.  But  in  an  ordinary  reservoir  the  ice  will  move 
away  from  the  dam  or  shear  before  exerting  a pressure  nearly 
as  great  as  this. 

The  impacts  and  ice  pressure  referred  to  should  be  provided 
for  in  designing  the  thickness  of  the  crest  of  the  dam,  but  may  be 
disregarded  in  designing  the  dam  as  a whole. 
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The  “ suction  ” exerted  by  water  flowing  over  a dam  cannot 
exceed  14.7  pounds  per  square  inch,  nor  can  the  total  amount 
exceed  the  total  horizontal  impulse  of  the  water  flowing  over  the 
dam  at  the  time  being.  It  can  be  avoided  altogether  by  any 
construction  that  gives  free  access  for  air  to  the  under  side  of  the 
sheet  of  overflowing  water,  which  construction  should  be  pro- 
vided. 

In  addition  to  the  external  pressures,  changes  in  volume  due  to 
temperature  cause  stresses  in  a dam  that  tend  to  cause  vertical 
cracks.  In  a masonry  dam  such  cracks  generally  form  on  the 
surface;  but  observations  made  on  the  Boon  ton,  N.  J.,  dam  indi- 
cate that  there  is  very  little  change  of  temperature  in  the  inner 
part  of  heavy  masonry.  Cracks  so  formed  are  approximately 
vertical  and  have  httle  direct  effect  upon  the  stabihty  of  the  dam, 
but  may  have  upon  the  tightness.  Several  recent  large  masonry 
dams  have  been  provided  with  expansion  joints  at  intervals 
of  about  80  feet  which  permit  longitudinal  motion  of  the  dam 
in  sections  without  causing  leakage. 

The  forces  acting  to  overturn  or  rupture  a dam  may  be 
resisted  by  weight,  friction,  or  strength  to  resist  tensile,  com- 
pression and  shearing  stresses,  or  by  combinations  of  these. 
Masonry  dams  must  be  considered  to  have  no  tensile  strength 
except  such  as  may  be  contributed  by  steel  reinforcement  in 
reinforced  concrete.  In  steel  dams  the  weight  is  of  Httle  im- 
portance. 

The  compressive  strength  of  masonry  is  found  to  depend  to 
only  a minor  degree  upon  that  of  the  stone,  but  to  be  largely 
affected  by  the  character  of  mortar  and  of  bond.  The  limits 
of  safe  pressure  are  given  as  follows  by  Baker: 

Tons  per  sq.  ft. 

For  concrete 5 to  15 

For  rubble 10  to  15 

For  squared  stone 15  to  20 

For  limestone  ashlar 20  to  25 

For  granite  ashlar 30 

The  maximum  pressure ' on  the  granite  masonry  of  the 
towers  of  the  Brooklyn  bridge  is  about  28^  tons  per  square 
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foot  (about  400  pounds  pressure  per  square  inch),  and  on  the 
limestone  masonry  about  10  tons  per  square  foot  (125  pounds 
per  square  inch).  The  limestone  masonry  in  the  towers  of  the 
Niagara  suspension  bridge  failed  under  36  tons  per  square  foot 
and  were  taken  down,  but  this  masonry  was  not  well  executed. 

The  weight  of  masonry  for  any  given  case  should  be  ascer- 
tained by  actual  test.  Concrete  will  generally  weigh  between 
140  and  160  pounds  per  cubic  foot;  granite  or  Hmestone  rubble 
150  to  155  pounds.  The  coefficient  of  friction  may  generally 
be  taken  at  .60  to  .65,  or  the  friction  at  85  to  100  pounds  per 
cubic  foot  of  masonry. 

The  strength  of  masonry  to  resist  shearing  stresses  is  not 
known,  but  is  apparently  more  than  ample  in  any  dam  which  is 
sufficiently  strong  otherwise  and  has  sufficient  weight. 

Masonry  dams  may  rely  upon  their  weight  to  prevent 
overturning,  upon  arch  action,  or,  when  of  reinforced  concrete, 
upon  beam  action.  The  first  are  called  gravity  dams,  and  are 
by  far  the  most  numerous.  The  second  are  called  arched  dams, 
and  such  a dam  may  consist  of  one  large  arch  or  be  multiple- 
arched.  The  third  class  are  hollow  or  cellular  dams. 

GRAVITY  DAMS 

In  a masonry  dam  the  maximum  pressure  must  not  at  any 
point  exceed  the  safe  crushing  strength  of  the  masonry.  It  can 
be  demonstrated  that  safety  against  crushing  at  the  toe  and 
against  overturning  demands  that  the  resultant  of  all  forces 
acting  at  any  time,  whether  the  dam  be  empty  or  full,  must 
fall  within  the  middle  third  of  the  base.  In  each  calculation  the 
pressure  caused  by  the  greatest  possible  elevation  of  water 
surface  must  be  considered.  Consideration  of  these  points  must 
be  applied  not  only  to  the  dam  as  a whole,  but  to  every  possible 
section  of  dam  from  the  crest  down,  each  considered  as  a dam 
resting  upon  the  masonry  below  it.  Finally,  economy  calls  for 
the  use  of  the  minimum  amount  of  masonry,  with  due  con- 
sideration of  the  cost  of  building  masonry  to  forms  other  than 
rectilinear. 
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In  calculating  sections  of  gravity  dams,  it  is  most  convenient 
to  use  the  units  lineal  foot  (measured  along  the  axis  of  the  dam), 
square  foot,  and  cubic  foot,  and  to  consider  a section  of  dam  i 
foot  long. 

Of  all  the  forces  acting  on  a dam,  the  static  pressure  of  the 
water  behind  it  is  much  the  most  important,  and  the  design  will 
first  be  made  considering  this  alone,  and  later  modified  if  neces- 
sary to  provide  for  the  other  forces. 

Total  resistance  to  shear  and  compression  vary  with  the  width 
of  the  dam,  and  friction  and  resistance  to  overturning  vary 
with  the  weight,  which  in  turn  varies  with  width  and  height. 


Consequently  the  width  should  vary  as  the  pressure.  Static 
pressure  varies  directly  as  depth  below  water  surface,  being 
zero  at  such  surface.  Therefore  the  theoretical  section  of  dam 
calculated  to  just  resist  the  water  pressure  would  be  more  or 
less  approximately  a triangle  with  its  vertex  at  the  surface  of 
the  highest  possible  water  level.  There  are  three  possible  con- 
ditions— the  back  or  up-stream  surface  vertical,  inclined  up- 
stream from  the  vertical,  and  down-stream  from  the  vertical. 

Consider  first  the  vertical-back  dam.  No.  i,  a section  of  a 
masonry  dam  i foot  long,  the  height  being  d feet  and  the  width 
h feet.  Let  w be  the  weight  of  a cubic  foot  of  water  = 62^  pounds; 
and  m the  weight  of  a cubic  foot  of  masonry.  Then  the  pressure 
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of  water  P equals  applied  at  a point  - above  the  base, 

3 

and  horizontal  in  direction.  The  weight  of  the  masonry,  W, 
dbffi 

equals  , acting  vertically  through  the  center  of  gravity  0, 

2 

the  line  of  action  of  the  force  intersecting  the  base  at  F and  FE 


being  Therefore  when  the  reservoir  is  empty  (P  = o),  IT  is  the 
3 


resultant  and  it  just  falls  at  the  edge  of  the  middle  third  of  the 
base.  When  the  reservoir  is  full,  the  resultant  R must  not 
fall  beyond  BF^  the  middle  third.  If  it  falls  at  B,  P:W  = b:d. 


Or,  substituting  values  of  P and  W,  = b:d,  or  b = dyj^. 

2 2 ^ M 

That  is,  as  a general  law,  the  width  of  base  of  a triangular  sec- 
tion must  be  at  least  the  maximum  depth  of  water  divided 
by  the  square  root  of  the  specific  gravity  of  the  masonry. 

When  resultant  R falls  at  B,  the  pressure  at  E is  zero,  and 

2R 

that  at  D is  twice  the  average  for  the  entire  base,  or  — . This 


must  not  exceed  the  safe  crushing  strength  of  the  masonry; 
if  it  does,  the  base  b must  be  increased  or  a stronger  class  of 
masonry  used. 

The  coefficient  of  friction  of  dam  foundation,  multiplied  by 
W,  must  exceed  P;  or  else  some  additional  resistance  to  sliding 
must  be  provided,  as  a shelf  in  the  rock  at  D. 

Making  the  same  analysis  concerning  any  section  CGH  con- 
sidered as  a dam  resting  on  a foundation  GH,  we  find  the  same 
conditions  to  hold.  Here,  however,  the  tendency  to  sliding 
is  resisted  by  the  combined  strength  of  the  masonry  to  resist 
shearing  and  the  friction  on  the  plane  GH.  It  is  believed  that 
no  masonry  dam  has  ever  failed  by  shearing,  and  this  need  not 
therefore  be  considered.  Dams  have,  however,  been  pushed 
down-stream  by  sliding  on  their  foundation. 

C is  assumed  to  be  the  greatest  height  the  water  will  ever 
reach.  If  there  is  a possibility  that  the  dam  will  ever  be  over- 
topped by  a flood,  let  the  height  of  the  maximum  overflow  be 
CL;  then  the  section  of  the  dam  should  be  EDKL.  (This  is 
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not  theoretically  correct,  since  P will  be  less,  its  point  of  applica- 
tion lower,  and  W will  be  less.  But  it  errs  on  the  side  of  safety.) 

Considering  section  No.  2,  we  see  that  when  the  dam  is 
empty  and  W is  the  total  force  acting,  this  falls  outside  the  middle 
third  of  the  base,  and  according  to  the  assumption  this  section 
therefore  cannot  be  used. 

Consider  section  No.  3,  in  which  the  up-stream  face  inclines 
so  far  down-stream  that  the  other  face  CD  is  vertical.  Then 
when  the  dam  is  empty  the  resultant  passes  through  B.  If  the 
line  of  pressure  P cuts  the  base  at  the  left  of  B,  the  resultant 
R will  fall  outside  the  middle  third.  This  line  of  pressure  must 
pass  through  B or  to  the  right  of  it.  To  pass  through  B,  there- 
fore, b must  equal  d.  That  is,  if  the  face  down-stream  is  vertical 
the  base  must  be  at  least  equal  to  the  altitude.  But  with  the 
vertical  face  up-stream,  the  base  need  be  only  equal  to  the  alti- 
tude divided  by  the  square  root  of  the  specific  gravity  of  the 
masonry — that  is,  need  be  only  about  two-thirds  as  wide.  The 
section  No.  3 is  therefore  extravagant  of  masonry;  and  sections 
intermediate  between  No.  i and  No.  3 are  also  intermediate  in 
the  amount  of  unnecessary  area. 

The  top  of  a dam  must  be  able  to  resist  the  impact  of  cur- 
rent, floating  wood  or  ice,  waves,  etc.,  and  for  this  reason  the 
top  of  the  section  must  have  sufficient  width  to  furnish  the  neces- 
sary resistance.  Probably  12  inches  if  of  concrete,  or  24  inches 
if  of  stone  masonry,  is  the  least  width  to  be  given  to  even  the 
lowest  dam.  There  is  no  general  rule  for  width  of  top,  but  it 
should  be  adapted  to  resist  such  impacts  as  have  been  named. 
These  may  be  3000  pounds  per  square  foot,  and  this  must  be 
resisted  by  the  tensile  and  shearing  strength  of  the  joints  of 
masonry  or  of  the  concrete,  plus  the  friction  due  to  the  masonry 
above  water  level.  If  the  top  of  the  dam  is  10  feet  wide,  the 
masonry  weighs  160  pounds  per  cubic  foot,  and  the  friction 
coefficient  is  .65,  a height  of  2.9  feet  above  a joint  or  plane  where 
the  blow  is  delivered  would  of  itself  prevent  shding  along  such 
joint.  For  a small  reservoir  12  to  18  inches  would  be  sufficient; 
or  2 or  3 feet  if  the  crest  be  made  5 feet  wide.  It  is  desirable  to 
carry  the  masonry  to  this  height  above  the  highest  water. 
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The  tensile  and  shearing  strength  is  not  definitely  known,  and 
such  as  it  is  will  act  as  a factor  of  safety.  An  overflow  dam 


• 1 1 or  spillway  must  resist  this  dynamic  pressure  plus  the  static 
^ 1 pressure  due  to  the  depth  of  overflow.  The  crest  is  generally 

' I * 


Fig.  69. — Weir  Dam  at  Holyoke,  Mass. 
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made  broad  with  heavy  crest  stones,  when  the  dam  is  of  stone 
masonry.  In  addition,  it  is  well  to  clamp  the  crest-stones,  or 
cap  stones,  to  each  other  and  to  the  dam  beneath,  and  also  to 
slope  the  crest  toward  the  back  of  the  dam,  to  cause  floating 
objects  to  strike  a glancing  rather  than  a straight  blow. 

For  high-crest  dams  there  is  no  established  rule  or  law  for 
determining  the  thickness  of  the  crest.  It  generally  varies  from 
one-third  the  height  for  low  dams  to  one-tenth  the  height  for 
dams  more  than  loo  feet  high.  This  thickness  should  extend 
undiminished  down  to  where  it  joins  the  triangular  section,  or 
even  batter  somewhat,  as  in  Fig.  70,  A.  If  the  break  in  line  of 


the  lower  face  of  the  dam  so  caused  comes  less  than  §d  above  the 
base,  it  is  often  well  to  make  this  face  a straight  line,  as  shown 
by  the  broken  line  in  B.  This  gives  a better  appearance,  and 
is  somewhat  cheaper  to  construct  per  cubic  yard.  In  any  case 
the  junction  of  the  two  straight  lines  of  the  face  in  the  section 
should  be  connected  by  a curve,  the  radius  of  which  may  be 
made  equal  to  the  width  of  the  top  of  the  dam. 

If  the  dam  is  trapezoidal  in  shape,  Fig.  70,  section  C,  the  cal- 
culation is  as  follows: 


lV  = m{  — 
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R = ^ (/2  + ^,2)  ^ 

A general  rule  may  be  worked  out  for  the  length  of  t and 
h in  terms  of  h,  d and  m;  but  it  is  very  complicated  and  it  is 
simpler  to  use  the  regular  methods  for  calculating  in  each  case 
the  location  of  the  center  of  gravity  O,  and  the  point  where  R 
intersects  the  base.  If  R intersects  the  middle  third  and  does 
not  exceed  the  crushing  strength  of  the  base,  it  is  not  necessary 
to  calculate  for  any  parts  of  this  section  extending  from  the 
crest  to  a horizontal  plane  above  the  base. 

In  the  case  of  high  dams,  when  it  is  of  financial  moment  to 
reduce  the  volume  of  masonry  to  a minimum,  the  weight  of  the 
wide  crest  must  be  taken  into  account.  Including  this  weight 
in  the  calculation,  the  profile  of  the  dam  section  becomes  as 
shown  in  Fig.  71.  The  profile  without  taking  the  wide  crest 
into  account  would  increase  the  amount  of  masonry  by  about 
5 per  cent. 

In  Fig.  71  the  dotted  lines  are  loci  of  the  points  of  application 
of  the  resultants  when  the  dam  is  empty  and  full  respectively. 
They  are  found  by  calculating  these  points  and  the  necessary 
widths  at  horizontal  planes  taken  at  intervals  of  5 feet,  con- 
sidering the  entire  portion  above  each  plane  as  a dam ; and  con- 
necting these  points  by  the  loci  shown.  The  profiles  of  two 
other  masonry  dams  are  shown  in  broken  lines,  the  Austin, 
Tex.,  being  an  overflow  dam. 

Water  falling  over  a high  dam  with  a straight,  steep  batter 
to  the  face  will  cause  considerable  shock  to  the  foundation  and 
ebullition  of  the  water,  tending  to  undermine  the  dam  or  loosen 
the  bond  of  the  masonry  joints  by  jarring.  To  prevent  this, 
when  the  dam  is  on  soft  rock  or  is  more  than  15  or  20  feet  high, 
it  is  advisable  to  curve  the  toe  concave  upward,  as  in  the  Hol- 
yoke dam,  and  also  curve  the  front  of  the  crest,  giving  the  face 
the  form  of  an  ogee  curve,  which  the  water  will  slide  along  and 
thus  produce  no  jar.  In  the  case  of  smaller  dams  the  force  of 
the  water  may  be  broken  by  stepping  the  face  at  each  course 
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of  masonry,  the  cost  of  cutting  the  face  stone  to  an  ogee  curve 
being  too  considerable  a proportion  of  the  whole  cost  in  a small 
dam,  while  the  danger  from  the  falhng  water  is  very  much  less 


in  the  case  of  low  than  of  high  dams.  Because  of  the  same 
saving  in  cost,  low  dams  not  intended  to  act  as  weirs  are  generally 
made  trapezoidal  in  section,  the  top  width  and  height  being  de- 
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cided  upon,  and  the  bottom  width  being  made  sufficient  to  insure 
the  stability  of  the  dam.  With  concrete  dams,  however,  where 
exact  and  curved  outlines  are  merely  a matter  of  constructing 
forms,  there  is  much  less  increase  in  cost  in  constructing  to 
theoretical  lines. 

To  provide  the  greatest  amount  of  storage  possible,  a dam 
must  be  raised  to  a level  with  the  highest  permissible  water  line; 
but  as  a large  amount  of  water  at  times  passes  over  the  dam  or 
its  spillway,  either  the  water  in  the  reservoir  must  at  such  times 
rise  above  this  water  line,  or  else  it  must  ordinarily  stand  below 
it.  Because  of  this,  and  also  sometimes  to  store  more  water  than 
was  contemplated  by  the  designer,  temporary  flash-boards  ” 
are  placed  on  the  top  of  the  overflow  section,  raising  it  from  a 
few  inches  to  3 feet  or  more  in  some  cases.  The  use  of  these  is 
not  recommended  unless  so  designed  that  they  will  certainly 
break  or  open  before  the  water  rises  above  the  high-water  line. 

If  a dam  be  curved  in  plan,  the  masonry 
may  act  as  an  arch,  the  ends  abutting 
against  solid  bed-rock  in  the  sides  of  the 
valley.  It  is  thought  by  some  that  the 
arch  effect  cannot  come  into  play  unless 
the  section  of  the  dam  is  too  light  to 
support  itself  by  gravity,  and  yields  under 
pressure,  in  which  case  the  dam  must  slide 
bodily,  must  break  bond  along  both  verti- 
cal and  horizontal  planes,  or  must  change 
form  without  any  partial  rupture.  Very 
little  is  known  of  the  law  of  strains  in  such 
a dam ; but  that  it  can  act  as  an  arch  is 
demonstrated  by  the  Bear  valley,  Zola,  and 
other  dams,  the  former  of  which,  if  acting 
as  a gravity  dam  only,  would  be  destroyed  long  before  the  water 
had  reached  its  crest.  Since  1887  eight  curved  dams  120  to  324 
feet  high  have  been  built  in  the  United  States.  The  arch  plan 
undoubtedly  gives  a margin  of  safety  to  a dam,  even  if  it  be 
designed  with  a gravity  section. 

Recently  dams  of  reinforced  concrete  have  been  designed 
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of  the  multi-arch  form,  the  thrust  of  the  several  arches  being 
taken  by  buttresses  built  on  the  stream  bed  below  the  dam. 
One  at  Gem  Lake,  Cal.,  consists  of  sixteen  arches  each  40  feet 
long,  and  a fractional  arch  at  each  end.  The  maximum  ele- 
vation is  1 12  feet  above  foundation  and  84  feet  above  the 
ground  level;  the  maximum  thickness  of  arch  is  3.6  feet,  and  the 
arches  are  i foot  thick  at  the  crest.  The  arches  make  an  angle 
of  about  45°  with  the  vertical.  Waterproofing  plaster^  was 
applied  to  the  concrete  with  a cement  gun. 

More  common  are  the  cellular  or  hollow  dams.  These, 
as  well  as  the  multi-arch  dams,  rely  almost  entirely  upon  tensile 
and  compressive  strength  and  bonding  to  the  foundation,  and 
very  little  upon  weight.  The  up-stream  face  of  the  dam  is  given 
an  angle  of  about  45°  with  the  horizontal,  when  (see  Fig.  68) 
the  resultant  static  pressure  of  the  water  cuts  the  base  at  the 
outer  limit  of  the  middle  third,  if  the  base  ends  vertically  under 
the  crest.  If  the  base  extend  beyond  this,  the  face  of  the  dam 
may  be  made  steeper.  The  dam  consists  essentially  of  a num- 
ber of  walls  or  buttresses  set  at  right  angles  to  the  line  of  the 
dam,  their  up-stream  edges  connected  by  a continuous  rein- 
forced concrete  slab.  If  it  is  an  overflow  dam,  the  buttresses  are 
generally  battered  on  the  down-stream  edge  also,  and  these  edges 
also  are  connected  by  a concrete  slab  to  guide  the  overflow 
water;  in  which  case  the  up-stream  face  can  be  made  steeper 
than  45°.  If  the  buttresses  rest  on  solid  rock  no  other  founda- 
tion is  necessary;  but  if  they  do  not,  a continuous  concrete 
slab  is  carried  under  all  the  buttresses  as  a foundation,  and  cut- 
off walls  at  and  near  the  up-stream  edge  are  carried  down  to 
impervious  material  to  prevent  undermining. 

In  designing  such  dams,  approved  rules  for  reinforced 
concrete  slabs  are  employed,  the  load  being  the  hydrostatic 
pressure,  and  the  dynamic  pressures  previously  named.  Tem- 
perature changes  in  length  are  provided  for  by  expansion  joints 
over  the  buttresses.  Generally  an  opening  is  left  through  each 
buttress  to  give  access  to  the  inside  of  the  dam  for  making 
inspections,  and  possibly  minor  repairs  to  prevent  leakage. 
(Steel  dams  have  been  constructed  on  the  same  principle  as  the 
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cellular  reinforced  concrete.  While  cheaper  to  construct,  they 
are  less  durable,  and  more  expensive  to  maintain  if  rusting  is  to  . 
be  prevented.) 


CONSTRUCTING  MASONRY  DAMS 

In  beginning  the  construction  of  a masonry  dam,  every  square 
foot  of  the  foundation  should  be  thoroughly  cleaned  and  washed, 
and  covered  with  a thick  bed  of  mortar  just  before  the  masonry 
is  laid  upon  it;  and  the  spaces  between  the  dam  and  the  sides  of 
the  rock  excavation — if  any  was  made — should  be  cleaned  out 
and  filled  with  concrete. 

The  ends  of  the  dam  should  be  carried  to  bed-rock,  if  possible, 
and  treated  as  was  the  bottom.  If  rock  does  not  extend  up  to 
the  level  of  the  crest  of  the  dam  at  its  ends,  these  should  be 
carried  some  distance  into  the  banks  to  prevent  leakage  around 
them,  or  tight  masonry  river-walls  should  be  carried  for  some 
distance  up-stream  from  the  dam.  The  banks  just  below  the 
dam,  if  of  earth,  must  be  protected  from  wash  by  similar  walls 
carried  for  a short  distance  down-stream  from  the  dam. 

If  the  dam  forms  a reservoir,  or  it  is  desired  for  any  reason 
to  draw  off  the  water  at  any  elevation  lower  than  the  crest, 
pipes  or  other  conduits  must  generally  be  carried  through  the 
dam.  These  should  never  be  given  uninterrupted  smooth  out- 
side surfaces  where  they  pass  through  the  masonry,  but  should 
be  provided  with  flanges  or  other  projections  around  their 
circumferences  to  prevent  water  from  following  along  them 
through  the  wall.  Probably  the  best  plan  is  to  place  two  or 
three  wide  flanges  around  the  pipe  near  the  upper  face  of  the 
wall  and  bed  these  thoroughly  in  concrete,  having  first  cleaned 
them  and  the  pipe  and  given  both  a coat  of  rich  Portland  cement 
mortar.  Other  flanges  should  be  placed  at  intervals  of  lo  to 
20  feet  if  the  dam  exceed  this  thickness. 

In  some  cases  a tunnel  is  carried  through  the  dam,  open  at 
the  lower  end,  and  terminating  at  the  upper  in  a watertight 
well  rising  above  the  water  surface,  in  which  tunnel  the  con- 
duits are  laid.  This  is  an  excellent  plan  for  large  dams. 

Masonry  dams  may  be  constructed  of  either  rubble,  cyclo- 
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pean,  or  concrete  masonry;  and  the  last  either  plain  or  rein- 
forced. Brick  masonry  has  been  used,  but  is  deficient  in  weight 
and  in  crushing  strength  and  is  never  advisable  if  other  material 
is  available. 

In  building  a rubble  dam,  care  should  be  taken  to  break 
courses  at  every  joint;  the  masonry  being  the  most  uncoursed 
rubble,  except  the  faces,  which  are  generally  broken  ashlar. 
Every  stone  and  its  bed  must  be  perfectly  clean  and  have  a 
damp  surface  when  it  is  laid,  and  aU  spaces  must  be  absolutely 
filled  with  mortar  or  fine  concrete.  If  a tight  dam  is  to  be  built 
these  precuations  must  be-  conscientiously  observed,  although 
it  may  be  necessary  to  discharge  half  the  masons  during  the 
first  week  to  effect  this.  The  dam  should,  so  far  as  possible,  be 
so  carried  up  that  the  top  of  the  finished  masonry  is  at  aU  times 
approximately  horizontal,  but  very  irregular  in  surface.  Every 
stone  should  be  set  by  derrick;  and  no  dressing  of  stone  should  be 
done  on  the  wall,  as  this  is  Kkely  to  disturb  or  jar  stones  already 
set.  Sharp  corners  and  angles  on  stones  should  be  knocked  off, 
as  rounded  stones  bed  in  mortar  more  thoroughly  than  squared 
ones.  Spalls  are  desirable  in  large  joints;  but  these  should  be 
forced  into  mortar  previously  placed — never  place  the  spalls 
first  and  the  mortar  afterward.  The  large  stones  will  generally 
form  50  to  60  per  cent  of  a well-built  dam,  the  spalls  15  to  30 
per  cent,  and  the  mortar  20  to  30  per  cent. 

Cyclopean  masonry  is  a cross  between  rubble  and  concrete 
with  “plums”;  large  stones  being  used,  with  joints  i to  3 
feet  wide  filled  with  concrete,  the  stone  being  bedded  in  con- 
crete I to  2 feet  thick.  No  large  stones  should  be  less  than  6 
inches  apart  at  any  point.  The  stones  are  allowed  to  project 
a few  inches  above  any  temporarily  finished  surface  of  concrete 
to  furnish  a bond  with  the  next  course. 

Concrete  has  been  used  for  most  of  the  modern  dams,  some- 
times faced  with  stone  ashlar.  Where  the  dam  is  of  any  con- 
siderable size  a saving  in  cost  is  effected  by  embedding  in  the 
concrete  large  derrick  stones  called  “ plums.”  These  should 
never  come  within  several  inches  of  touching  each  other,  and 
should  not  constitute  more  than  30  per  cent  of  that  part  of  the 
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* Destroyed  by  sliding  on  poor  foundation. 
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concrete  lying  inside  of  the  outer  2 feet  of  the  dam,  and  should 
not  form  any  part  of  such  outer  2 feet.  The  concrete  ingredients 
should  be  carefully  proportioned  for  maximum  density.  The 
consistency  of  the  concrete  should  be  quaking  or  sHghtly  dryer — 
as  dry  as  will  permit  the  concrete  to  flow  into  all  crevices  with 
light  tamping.  Continuous  placing  without  stopping  day  or 
night  is  desirable;  but  if  the  placing  is  interrupted  at  any  one 
point,  all  the  precautions  of  the  best  concrete  construction 
should  be  taken  to  insure  thorough  bonding  of  old  and  new 
concrete. 

It  is  common  practice  to  built  a concrete  dam  in  sections 
separated  by  vertical  joints  extending  from  the  top  to  bottom 
of  dam.  Alternate  sections  are  built  first,  with  grooves  left  at 
each  joint;  and  after  these  have  set,  the  remaining  sections  are 
then  built.  This  method  of  construction  permits  each  sec- 
tion to  be  built  by  continuous  work  as  a monolith.  The  joints 
also  serve  as  expansion  joints.  The  grooves  first  built  are 
sometimes  coated  with  tar  to  prevent  their  adhering  to  the 
tongues  of  the  adjoining  section.  Also  in  some  cases  a steel  plate 
is  set  extending  from  top  to  bottom  of  a joint  and  set  with  one 
half  its  width  in  each  section  to  form  a water-tight  stop  against 
leakage;  or  a copper'  plate  is  used,  buckled  between  the  two 
sections  so  that  it  can  straighten  out  if  the  joint  opens  by  con- 
traction of  the  concrete. 

Art.  67.  Rock-fill  Dams 

In  many  parts  of  the  Western  United  States,  sites  of  proposed 
dams  are  at  such  a distance  from  any  railroad  and  transporta- 
tion to  them  is  so  difficult  that  a masonry  dam  becomes  a very 
expensive  structure.  In  many  cases  there  is,  however,  plenty 
of  rock  at  or  near  the  surface,  and  narrow  canyons  are  available 
for  a dam  site.  In  a few  such  locations  dams  have  been  con- 
structed by  simply  depositing  rough  stone,  as  it  was  blasted  out 
and  with  no  dressing,  in  an  embankment  of  the  desired  height, 
the  stones  being  carefully  arranged,  smaller  stones  filling  the 
interstices  of  the  larger  to  give  them  a stable  position  and  pre- 
vent after-settling.  The  front  and  back  faces  are  generally 
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lined  with  dressed  rubble,  dry  or  in  cement,  or  with  quarry 
stone  laid  carefully  by  hand  and  well  chinked  with  spalls.  Such 
dams  are  not  expected  to  be  absolutely  tight,  and  should  never 
be  used  as  weir-dams.  They  are  not  adapted  to  the  construc- 
tion of  storage  reservoirs,  because  of  their  porosity;  but  will 
generally  silt  up  in  time  and  become  reasonably  tight. 

Since  more  or  less  water  will  find  its  way  through  a rock- 
fill  dam,  the  foundation  should  be  on  rock,  as  any  other  mate- 
rial is  liable  to  erosion  which  may  prove  fatal  to  the  dam.  Since 
the  dam  acts  as  an  embankment  without  cohesion,  the  side 
slopes  must  not  be  steeper  than  the  natural  “ angle  of  repose  ” 
of  the  material.  This  will  generally  require  a slope  of  at  least 
I : I ; but  it  may  be  made  | or  even  f to  i on  the  back  when  this 
is  faced  with  a heavy,  well-built  wall.  In  construction,  the  mate- 
rial should  be  carried  up  in  approximately  horizontal  layers,  the 
middle  being  always  kept  a little  lower,  than  the  faces;  and 
the  face-stone  should  be  kept  up  to  the  level  of  the  loose  rock. 
The  greatest  care  should  be  used  to  make  the  dam  compact 
by  the  use  of  spalls  and  quarry-chips  filling  all  crevices;  but  no 
earth  should  be  used,  except  that  clean  sand  might  to  advantage 
be  sifted  down  into  the  crevices  of  stone  already  laid.  The  faces 
should  be  of  one-  and  two-man  stone,  well  bonded  and  chinked. 

The  back  of  a rock-fill  dam  is  in  some  cases  made  more 
nearly  water-tight  by  banking  earth  against  it,  as  in  the  case 
of  the  Idaho  Company’s  dam,  in  which  the  earth  is  3 feet 
thick  at  the  top  and  20  feet  at  the  bottom;  and  the  Pecos 
Valley  dams  (see  Fig.  73);  or  by  wooden  sheathing,  as  in 
the  case  of  the  Walnut  Grove  dam,  in  which  tw’o  thicknesses 
of  3-inch  planking  were  used,  with  tarred  paper  between.  In 
one — the  Lower  Otay  dam — it  was  attempted  to  make  the  dam 
water-tight  by  the  use  of  a heart-wall  or  sheeting  through  the 
center  of  the  dam,  composed  of  No.  o to  No.  3 steel  plates, 
imbedded  in  concrete  i foot  thick  on  each  side.  This  construc- 
tion was  carried  to  the  top  of  the  dam,  and  to  a masonry  founda- 
tion on  bed-rock,  through  its  entire  length.  The  loose  rock, 
with  a slope  of  to  i,  was  carried  down  only  to  the  ground- 
surface. 
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Still  another  style  of  rock-fill  dam  is  the  Castlewood  dam, 
which  has  both  faces  of  rubble  masonry,  the  upper  being  6 feet 


Fig.  73. — Rock  Fill  Dams. 


thick  on  top  and  12  feet  on  the  bottom,  and  the  lower  from  5 to 
7 feet  in  thickness,  the  heart  being  dry-laid  rubble. 

Art.  68.  Timber  Dams 

Timber  dams  cannot  be  considered  as  other  than  tem- 
porary structures,  which  must  ultimately  fail  by  the  rotting 
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Fig.  74. — Great  Falls  Overflow  Dam. 


TIMBER  DAMS 


329 


of  the  wood;  and' they  are  seldom  very  tight.  Their  general 
construction  is  that  of  crib  work  weighted  with  stone,  and 
faced  with  planking.  They  are  placed  upon  rock  or  boulder 
and  gravel  foundations — sometimes  upon  clay  or  other  firm 
soil.  The  chief  or  only 
advantage  over  masonry 
is  in  cost,  which  will 
ordinarily  be  but  one-fifth 
to  three-fifths  as  great  for 
timber  dams  in  a wooded 
country. 

If  the  bottom  is  hard, 
cribs  are  weighted  with 
stone  and  sunk  directly 
upon  it;  but  if  soft,  rip- 
rap or  loose  stone  is  placed 
over  the  bottom  at  the 
site  of  the  dam  and  allowed 
to  settle  as  far  as  possible, 
extending  for  some  dis- 
tance above  and  below  the 
dam,  and  when  leveled  off 
the  cribs  are  sunk  upon 
this.  The  timber  is 
usually  12  by  12  inches 
or  larger,  drift-bolted  to- 
gether. 

Figs.  74,  75  and  76 
show  three  types  of  timber 
dam  construction ; the  first 
an  overflow  14  feet  high  on 
solid  rock,  with  masonry 
river  walls  at  the  ends; 

the  second  13.6  feet  high  and  407  feet  long  on  hardpan,  pro- 
tected above  and  below  with  rip-rap,  with  four  cut-off  walls 
of  sheet-piling  and  great  width  of  base;  and  the  last  anchored 
to  rock  by  fish-tail  bolts. 
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Art.  69.  Earth  Embankments 

Earth  has  probably  been  used  for  more  dams  and  embank- 
ments in  connection  with  water-works  than  all  other  substances 
combined,  and  serves  this  purpose  admirably  if  properly  de- 
signed and  constructed;  but  it  can  never,  under  any  condition, 
be  used  for  an  overflow  dam,  but  a spillway  or  waste  weir 
must  be  constructed  in  connection  with  it.  IVIany  earth  dams 
have  failed,  but  in  the  majority  of  cases  this  has  been  because 
a too-small  spillway  has  forced  water  to  flow  over  the  dam. 


An  earthen  dam  is  never  absolutely  tight,  a slow  seepage  con- 
tinually carrying  a small  amount  of  water  through  it,  and  if  this 
becomes  sufficient  in  amount  or  velocity  to  cause  any  movement 
of  earth  particles,  the  destruction  of  the  dam  is  threatened. 
In  addition  to  good  foundation  and  ample  spillway,  the  great 
requisites  of  a safe  earth  dam  are  that  it  shall  be  so  compact  that 
no  water  can  pass  through  it  as  a stream,  however  fine;  and  that 
there  shall  be  no  continuous  smooth  surface,  as  of  pipe  or 
masonry,  through  it  which  the  water  may  follow. 

The  pressure  due  to  the  head  tends  to  force  water  in  a 
reservoir  through  the  earth  embankment,  and  this  is  resisted 
by  the  friction  in  the  pores.  The  finer  the  pores  and  the  greater 
the  distance  through  which  the  water  must  pass,  the  greater 
the  friction  and  the  less  the  seepage.  Hence  the  bottom  of  an 
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earth  dam  should  be  much  thicker  than  the  top.  At  a depth 
of  75’ or  8o  feet  the  saturation  of  the  earth  reaches  an  amount 
which  some  engineers  would  fix  as  a limit,  although  at  least 
eleven  earth  dams  have  been  built  in  this  country  more  than 
loo  feet  high. 

The  outer  or  down-stream  half  of  an  earth  dam  plays  practi- 
cally no  part  in  effecting  water-tightness  unless  the  dam  leaks 
very  badly,  but  must  furnish  most  of  the  stability;  while  the 
up-stream  half  furnishes  the  imperviousness.  Anything  ap- 
proaching saturation  in  the  down-stream  half  is  therefore  to  be 
avoided,  and  some  engineers  place  drains  under  this  part  of  an 
embankment  to  remove  any  water  that  may  reach  it.  If  soil 
that  makes  impervious  embankment  is  not  available  for  the 
entire  dam,  it  should  be  used  for  the  half  next  to  the  water,  and 
the  coarser  material  for  the  lower  or  outer  half.  Even  loose 
rock  carefully  placed  has  been  used  for  this. 

The  faces  of  an  earth  dam  must  be  at  least  as  flat  as  the 
angle  of  repose  of  the  material  used : and  this  when  the  material 
is  moist  or  wet.  This  angle  for  different  soils  is  approximately 
as  follows: 


Table  No.  41 

ANGLE  OF  REPOSE  OF  SOIL 


Kind  of  Soil. 

Angle  of 
Repose, 
Degrees. 

Equivalent 

Slope. 

Coefficient 
of  Friction. 

Weight, 
Lbs.  per 
Cu.  Ft. 

Earth,  dry 

40 

I . 2 to  I 

0.84 

90 

Earth,  moist 

45 

I to  I 

1 .00 

95 

Earth,  very  wet 

32 

1 . 6 to  I 

0.62 

II5 

Sand,  dry 

35 

1 . 4 to  I 

0.  70 

100 

Sand,  moist 

40 

I . 2 to  I 

0.84 

no 

Sand,  very  wet 

30 

1 . 7 to  I 

0.58 

125 

Gravel,  round 

30 

1 . 7 to  I 

0.58 

100 

Gravel,  sharp 

40 

I . 2 to  I 

0.84 

no 

From  this  it  would  appear  that  an  embankment  of  earth 
should  be  given  a slope  of  at  least  to  i,  and  one  of  sand 
if  to  I.  To  insure  stability,  however,  and  reduce  percola- 
tion, and  to  prevent  undue  wash  of  the  banks  by  rain,  it  is 
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customary  and  advisable  to  give  an  inside  slope  of  2 to  i and 
an  outside  of  2 or  2 J to  i.  If  the  dam  is  quite  high,  a still 
greater  thickness  at  the  bottom  than  these  slopes  would  give 
may  be  desirable  to  prevent  percolation;  also  there  is  danger 
that  the  entire  inside  slope  may,  on  account  of  its  great  mass, 
slip  down  the  slope.  On  the  outside  of  a high  bank  the  rain- 
fall upon  it  gradually  collects  in  rivulets  and  tends  to  wash 
the  soil.  To  prevent  these  objectionable  results  an  offset  or 
berm  5 to  10  feet  wide  is  generally  made  about  half-way  up 
each  face  of  high  embankments. 

If  the  slope  is  less  than  2^  to  i at  the  top  of  an  embank- 
ment that  is  more  than  40  or  50  feet  high,  it  should  be  given 
this  slope  below  that  distance  from  the  top  on  the  inside,  and  a 
slope  of  3 or  4 to  I on  the  outside. 

The  top  of  the  embankment  should  be  at  least  6 or  8 feet 
wide,  and  if  the  dam  is  more  than  20  or  30  feet  high  it  should 
be  10  to  30  feet  wide.  It  is  generally  made  wide  enough  to 
act  as  a driveway.  The  embankment  should  be  carried  at 
least  a foot  higher  than  the  highest  waves  coincident  with  the 
highest  water — about  3 to  6 feet  above  high  water,  depending 
upon  the  length  of  the  reservoir.  The  elevation  above  high 
water  should  also  be  at  least  the  depth  to  which  frost  reaches. 

On  the  outside  berm,  gutters  should  be  placed  to  catch 
the  drainage  from  the  upper  slope,  and  drains  to  lead  it  to  the 
toe  of  the  dam. 

In  the  above  the  embankment  has  been  considered  to  be 
of  uniform  homogeneous  material.  In  many  embankments, 
however,  a core-wall  is  carried  through  the  middle,  constructed 
of  masonry  or  water-tight  puddle;  and  in  others  a water-tight 
lining  of  puddle  or  concrete  is  placed  on  the  face  of  the  embank- 
ment. In  the  latter  case  the  bank  is  supposed  to  offer  stability 
only  and  not  to  be  water-tight;  in  the  former  that  portion  of  the 
bank  outside  the  core-wall  is  for  stability  only,  that  inside 
assists  in  preventing  percolation.  When  a core- wall  is  provided 
the  outer  slope  need  not  generally  be  flatter  than  2 to  i. 

Some  engineers  object  to  the  use  of  a core-wall,  claiming 
that,  since  it  and  the  remainder  of  the  dam  are  not  homogeneous, 
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cracks  will  open  between  during  settling,  to  the  weakening  of 
the  dam.  It  is  undoubtedly  true  that  a comparatively  water- 
tight dam  may  be  made  of  uniform  material  throughout,  and 
one  perfectly  safe  from  all  but  the  boring  of  animals,  and  small 
reservoirs  may  very  properly  be  so  built.  But  for  large  dams 
or  those  whose  rupture  would  be  attended  with  great  damage 
or  loss  of  life,  the  author  would  wish  to  use  a core- wall;  and  he 
would  not  recommend  a puddle  core-wall  except  to  secure 
tightness  where  there  could  be  obtained  only  a small  amount 
of  clay  or  other  puddling  material.  The  masonry  core-wall 
may  be  of  stone  or  concrete;  preferably  the  latter,  because  this 
can  be  made  more  water-tight,  and  smoother  so  that  the  earth 
can  move  freely  over  it  in  settling  and  thus  compact  more 


solidly.  It  need  not  be  heavy  enough  to  resist  any  considerable 
pressure,  this  being  sustained  by  the  embankment. 

Not  only  should  a dam  be  tight  itself,  but  it  should  be 
upon  a water-tight  foundation — rock,  hardpan,  or  a thick 
clay  stratum.  If  water  penetrate  under  a dam  through  a soil 
subject  to  erosion,  a cavity  will  be  created  which  will  sooner 
or  later  cause  the  destruction  of  the  dam.  A seamy  rock 
may  permit  the  passage  of  water  under  or  around  a dam  without 
endangering  its  stabihty;  but  this  is  undesirable  because  of  the 
loss  of  water,  and  the  dam  may  be  made  useless  thereby,  as  was 
a dam  at  Roanoke,  Va.  In  the  latter  case  the  crevices  should 
be  sought  out  and  filled  with  concrete  or  grout;  or  it  may  be 
necessary  to  build  a masonry  wall  as  a lining  to  the  seamy  sides 
of  a reservoir. 
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Fig.  78.— Concrete  Core  Wall  of  Fairmont  Dam,  Los  Angeles  Water  Supply 

(Unfinished). 

the  excavation  of  an  enormous  amount  of  material.  Thus  a < 

dam  40  feet  high,  top  10  feet  wide,  side  slopes  2 and  2^  to  i,  ■ 

will  have  a bottom  width  of  190  feet  and  if  10  feet  of  soil  be  ■ 
removed  this  will  require  the  excavation  of  70  cubic  yards 
per  running  foot  of  bank.  To  avoid  the  great  expense  and 
delay  occasioned  by  this,  a puddle  or  masonry  cut-off  wall  is 
generally  carried  to  the  impervious  stratum,  and  continued 


If  the  rock  or  hardpan  at  the  bottom  of  the  valley  is 
covered  with  porous  material — as  is  generally  the  case — this 
should  be  removed  and  the  embankment  founded  on  only 
solid,  continuous  impervious  material.  If  the  pervious  sur- 
face material  is  quite  deep  and  the  dam  high,  this  may  require 
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as  a core-wall,  if  such  be  used,  or  stopped  a few  feet  above 
the  base  of  the  embankment  if  no  core-wall  be  used;  or,  if 
lining  be  given  to  the  dam,  the  cut-off  wall  is  placed  under 
and  joined  to  the  foot  of  this  lining  (see  Fig.  8o).  The  Oak 
Ridge  reservoir  dam  of  the  East  Jersey  Water  Company  (Fig. 

I 77)  is  a good  illustration  of  a dam  with  a concrete  core  (or  heart) 

I and  cut-off  wall. 

! Not  only  the  bottom  but  also  the  ends  of  a dam  must  make 
an  impervious  union  with  the  natural  soil.  For  this  purpose 
the  core-wall  should  be  carried  to  bed-rock  at  the  ends  of  the 
dam,  if  the  rock  rise  there  above  the  water  level;  or  for  some 
distance  into  the  bank,  if  they  do  not.  Or,  if  there  be  no  core 
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wall,  the  embankment  should  be  extended  until  it  reaches 
an  impervious  material,  or  for  a distance  into  the  sides  of  the 
valley  equal  to,  say,  10  feet  plus  half  its  height  if  no  impervious 
material  be  found  short  of  this. 

Almost  every  character  of  soil  has  been  used  for  embank- 
ments, and  there  are  few  from  which  a reasonably  good  em- 
bankment cannot  be  made.  Probably  the  best  material  is 
a sandy  loam  with  a small  amount  of  clay  intermixed,  and 
the  worst  is  micaceous  clay.  Contrary  to  a widespread  opinion. 

^ clay  is  not  a good  material  for  embankments  in  any  but  small 
quantities.  A tough  clay  it  is  difficult — almost  impossible — 
to  get  into  a compact,  homogeneous  mass;  if  wet,  it  cracks 
open  on  drying  out;  and,  most  serious  of  all,  if  the  smallest 
trickle  of  water  once  finds  passage  through  it,  a few  minutes 
suffice  to  enlarge  this  into  a break,  so  rapidly  does  it  dissolve 
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in  running  water.  An  embankment  of  clay  is  often  tighter  at 
first  than  one  of  any  other  material,  but  the  danger  of  its  rup- 
ture increases  with  age.  A bank  containing  a large  amount  of 
gravel  or  sand,  on  the  other  hand,  may  leak  at  first,  but  becomes 
tighter  and  stronger  with  age.  A reservoir  embankment  i6 
feet  high,  built  of  fine  sand,  with  slopes  of  i|  to  i covered  with 
loam,  has  been  found  to  suffer  no  appreciable  leakage.  Gravel 
as  taken  from  the  bank,  consisting  of  stones,  sand,  and  sufficient 
clay  or  loam  free  from  vegetable  matter  to  fill  all  interstices, 
makes  an  excellent  embankment  material.  “ Gravel  capable 
of  being  puddled  will  do  anything  that  clay  was  ever  used  for  in 


water- works  practice,  and  will  do  it  better  ” (Clemens  Herschel). 
Hardpan,  the  most  impervious  soil-mixture  found  in  nature,  con- 
tains a large  proportion  of  gravel. 

If  the  following  materials  are  obtainable,  they  may  be 
used  to  advantage  in  the  proportion  given,  to  make  an  excel- 
lent embankment,  the  amounts  here  given  furnishing  i cubic 
yard: 

Cubic  Yard. 

* Coarse  gravel f 

Fine  gravel  or  coarse  sand | 

Fine  sand f 

Clay  or  loam J 

These  materials  should  be  thoroughly  mixed,  the  clay 
being  broken  up  or  cross-cut  into  fine  pieces,  made  slightly 
damp,  spread  in  6-  to  9-inch  layers,  and  thoroughly  rammed, 
or  rolled  with  grooved  rollers.  If  the  gravel  and  sand  retain 
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their  natural  moisture  no  water  should  be  used  in  the  material. 
Embankment  material  is  seldom  wet  too  little,  often  too  much. 
Natural  hardpan,  if  broken  up  and  rolled  dry,  will  make  a tight 
dam  if  water  be  admitted  behind  it  slowly,  the  clay  taking  up 
water  by  capillary  attraction  and  swelling.  Puddle  should  never 
be  made  wet  enough  to  quake,  as  it  would  then  be  porous  upon 
draining  or  drpng  out. 

During  construction,  all  surfaces  coming  into  contact 
should  be  rough.  The  ground  upon  which  the  dam  is  built 
should  be  stripped  of  all  the  soil  which  is  porous  or  contains 
roots  or  other  vegetable  matter,  and  then  plowed  or  spaded 
up,  that  the  new  and  old  material  may  unite;  also  the  top 
! surface  of  each  layer  of  the  embankment  should  be  rough  when 
I more  material  is  placed  upon  it,  and  the  rollers  used  should  be 
grooved  and  heavy — steam  rollers  where  practicable.  An  earth 
I embankment  should  never  be  placed  upon  rock,  unless  a heavy 
concrete  core  wall  be  used  and  carried  down  3 feet  or  more  into 
I the  bed-rock,  as  a water-tight  joint  cannot  be  made  between 
earth  and  a smooth  rock-bed. 

In  building  up  the  embankment,  the  center  should  be  kept 
i somewhat  lower  than  the  faces;  and  these  should  extend  i or  2 
feet  beyond  the  line  of  the  finished  bank  and  afterward  be 
ij  trimmed  off,  since  the  edge  of  a bank  cannot  be  properly  com- 

I pacted.  No  large  stones,  nor  any  sticks,  roots,  or  other  matter 

II  which  can  decay,  should  be  permitted  in  an  embankment.  If 
I the  material  needs  wetting,  this  should  be  done  before  the 
||  fresh  layer  is  put  on,  rather  than  after;  the  bond  between 
I the  fresh  and  old  material  being  thus  made  more  thorough, 

and  the  material  being  less  liable  to  cling  to  the  roller. 

Nothing  should  extend  through  the  dam  when  this  can 
be  avoided,  and  any  pipe  or  other  conduit  which  must  pass 
through  it  should  be  furnished  with  a number  of  flanges  and 
I other  projections,  or,  if  of  masonry,  should  be  left  as  rough  as 
possible;  and  the  best  of  puddle,  mixed  and  rammed  with  the 
greatest  care,  should  surround  it.  Where  possible  it  is  ordi- 
I narily  better  to  place  the  spillway  or  the  overflow  pipe  (which 
latter  may  be  used  if  the  reservoir  is  small  and  does  not  receive 
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drainage  direct)  at  one  end  of  the  dam  on  the  natural  soil: 
or  the  overflow  pipe  and  the  conduit  may  be  carried  in  a tunnel 
which  passes  through  the  dam  and  terminates  as  its  upper  end 
in  a tight  inlet  tower,  as  in  the  case  of  a masonry  dam.  Such 
a tunnel  should  in  every  case  be  carried  down  to  bed-rock 
throughout  its  length.  If  a pipe  or  conduit  be  carried  through 
the  embankment  it  should  rest,  not  on  masonry  piers  (a  con- 
struction too  often  adopted,  to  the  endangering  of  the  pipe  by 
breaking  between  supports) — but  upon  (or  better  still,  in) 
bed-rock  or  hardpan,  or  a continuous  foundation  of  the  rough- 
est possible  masonry  in  cement  mortar  carried  down,  to  rock 
or  other  firm  bottom,  and  pro\dded  with,  projecting  or  cut-off 
walls  to  prevent  water  from  follo^^ing  the  masonry  through  the 
dam.  Next  to  insufficient  spillways,  improperly  built  conduits 
through  embankments  have  been  the  cause  of  the  greatest 
number  of  ruptures  in  earth  dams. 

Where  there  is  a masonry  waste  weir  in  the  center  of  the 
dam,  it  is  an  excellent  plan  to  carry  all  pipes  or  conduits  through 
this,  as  was  done  at  No.  5 of  the  Boston  water  works. 

Table  No.  42  gives  data  concerning  a few  earth  dams  as 
illustrations  of  general  practice. 

Art.  70.  Hydraulic-fill  Dam  Construction 

At  least  fifteen  large  earth  dams,  have  been  built  in  Cali- 
fornia and  two  or  three  other  Western  states  by  wffiat  is  known 
as  the  hydraulic  method,  or  sluicing.  The  highest  is  believed 
to  be  that  at  Terrace,  Colo.,  210  feet  maximum  height  and  605 
feet  long,  and  perhaps  the  smallest  is  at  Tyler,  Tex.,  32  feet 
maximum  height  and  575  feet  long.  Several  dams  on  the  Los 
Angeles  aqueduct  were  built  by  this  method  in  1914-1916. 

In  this  method  of  construction  the  earth,  gravel,  etc.,  are 
\ dehvered  onto  the  dam  by  water,  w^hich  transports  the  material 
through  flumes  or  sometimes  steel  pipes.  The  middle  of  the  dam 
is  kept  low  and  the  material  dehvered  near  the  edges,  which 
causes  the  coarser  material  to  be  deposited  there  and  the  finer 
to  be  deposited  in  the  center  of  the  dam  by  the  \vater,  w’hich 
pools  there.  In  most  cases  the  soil  is  excavated  by  turning 
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onto  a bank  jets  of  water  from  nozzles  with  2-  to  4-inch  openings; 
the  water,  carrying  the  soil,  flowing  into  a flume  that  carries 
it  by  gravity  to  the  dam.  In  some  cases  the  material  is  hauled 
by  teams  to  a point  near  to  the  dam  but  higher,  dumped  here, 
and  sluiced  from  here  to  the  dam. 

From  experience  on  the  Los  Angeles  aqueduct  dams  it  was 
concluded  that  for  successful  hydraulicking,  there  should  be 
used  at  least  10  to  15  cubic  feet  of  water  per  second,  under  a 
pressure  at  the  nozzles  of  100  pounds  or  more,  and  that  the  sluice 
must  have  a grade  of  at  least  4 or  5 per  cent  to  the  dam  (grades 
as  high  as  9 per  cent  have  been  used).  Also  that  by  the  method 
described  of  getting  the  finer  material  in  the  center  of  the  dam, 
soil  with  less  than  35  per  cent  clay  and  other  fine  material  can 


be  used;  which  would  npt  be  practicable,  without  a core  wall, 
if  this  amount  of  clay  were  uniformly  distributed  throughout 
the  dam.  On  this  work  there  were  used  2-inch  nozzles,  mounted 
on  iron  tripods  with  swivels,  connected  by  4-inch  canvas  hose 
to  water  mains. 

In  building  La  Mesa  dam  (Cahfornia),  66  feet  high,  the 
material  was  transported  2200  feet,  at  first  in  24-inch  wood- 
stave  pipe,  but  this  wore  out  rapidly  and  cast  iron  was  found 
preferable. 

“It  is  apparent  that  an  embankment  built  in  this  manner 
is  compacted  as  thoroughly  as  it  could  be  by  any  process  of 
rolling,  and  is  not  subject  to  further  settlement.  It  is  also 
manifest  that  the  finer  materials  are  by  this  process  precipi- 
tated in  the  interior  of  the  fill,  and  that  the  particles  are  in 
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a general  way  graded  in  size  from  the  outside  toward  the 
center.”  (James  D.  Schuyler,  “ Reservoirs  for^  Irrigation,” 
U.  S.  Geological  Survey  Report.) 

It  is  evident  that  the  localities  where  this  construction  is 
possible  are  limited  in  number. 

Art.  71.  Reservoir  Lining 

Storage  reservoirs  are  seldom  less  than  an  eighth  of  a square 
mile  in  area,  and  it  would  ordinarily  be  impracticable  to  line 
or  cover  these;  and  lining  is  not  often  necessary  to  secure  tight- 
ness, since  the  reservoir  is  in  most  cases  formed  by  a dam 
across  a narrow  valley,  which  dam,  or  its  core-wall,  can  be  car- 
ried as  a cut-off  wall  to  rock  or  clay  on  both  bottom  and  sides. 

A distributing  reservoir,  however,  is  more  frequently  con- 
structed on  a mountain  side  or  top,  and  is  built  largely  or 
wholly  by  excavation  and  embankment.  This  construction 
will  in  many  cases  produce  a reservoir  which  is  porous  on  the 
sides  of  the  excavation;  and  on  the  bottom  also,  if  rock  or 
hardpan  is  not  reached.  Such  a reservoir  will  require  either 
that  a core-wall  carried  down  to  clay  or  rock  entirely  surround 
the  excavation,  or  that  the  reservoir  be  lined  with  some  im- 
pervious material. 

When  rock  occurs  over  the  entire  bottom  of  the  reservoir 
or  a considerable  portion  of  it,  it  is  practically  impossible  to 
render  the  reservoir  tight  by  any  material  other  than  masonry, 
either  as  a lining  or  core-wall.  Since  the  latter  would  call  for  a 
trench  excavated  to  rock  entirely  around  the  reservoir,  the 
masonry  is  in  most  if  not  all  cases  placed  as  a lining.  If  the 
excavation  extends  for  any  distance  into  rock,  the  face  of  the  cut 
is  frequently  made  vertical;  and  the  earth  should  be  faced  with 
a water-tight  lining  or  retaining-wall,  since  it  is  apt  to  slip 
on  the  rock-surface  if  water  reaches  such  surface.  Such  a con- 
struction is  shown  in  Fig.  82,  a section  of  the  Manchester, 
N.  H.,  high-service  reservoir.  The  bottom  may  be  left  unlined 
1 if  the  rock  has  no  seams  and  is  pyerfectly  smooth;  but  it  will 
1 generally  be  advisable  to  give  it  a lining  of  concrete — from  6 
to  12  inches  if  to  prevent  leakage;  otherwise,  sufficient  to  level 


342  dams' AND  EMBANKMENTS  ! 

I 

off  the  surface  and  render  easier  the  drawing  off  of  all  the  water  I 
and  the  cleaning  of  the  reservoir.  The  retaining  wall  should  be 
practically  water-tight;  but  is  generally  backed  with  earth  to 
add  to  the  imperviousness  and  stability,  and  should  therefore 
be  capable  of  retaining  this  without  overturning  when  the 
reservoir  is  empty. 

When  rock  forms  the  bottom  of  the  reservoir  but  is  not 
excavated  at  all,  the  earth  may  be  given  a slope  of  to  i if 


Fig.  82.— Reservoir  in  Rock  Excavation;  Manchester,  N.  H, 

only  8 or  10  feet  deep,  but  should  be  2 to  i if  15  or  more  feet 
deep.  The  use  of  clay  puddle  for  a lining  to  suc^h  a reservoir 
might  be  adopted,  but  cannot  be  recommended  as  always 
satisfactory,  concrete  being  a safer  material  for  both  bottom 
and  sides.  Embankment  which  is  to  be  lined  should  be  com- 
pacted with  particular  care,  in  order  that  it  may  not  settle 
and  crack  the  lining. 

A reservoir  entirely  in  earth  may  be  lined  with  either  con- 
crete or  clay.  If  the  former  be  used,  the  bottom  should  be 
thoroughly  rolled  with  heavy  rollers  to  compact  it;  a layer 
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of  gravel  spread  before  rolling  will  be  of  assistance  in  securing 
this  condition.  If  the  bottom  be  of  clay,  this  treatment  will 
often  make  an  artificial  hardpan  which  will  be  as  good  as  a 
clay  puddle.  If  hardpan  be  reached  in  the  bottom,  it  will 
ordinarily  be  necessary  merely  to  level  this  off  and  roll  it  with 
a heavy  flat  roller.  If  no  clay  or  hardpan  be  reached,  a puddle 
lining  may  be  used.  .This  may  be  mixed  in  proportions  of 
clay,  I part;  sand  and  fine  gravel,  i part;  and  coarse  gravel, 
2 parts.  This  should  be  put  on  in  4-inch  layers  and  thoroughly 
rolled,  the  total  thickness  being  i to  3 feet,  depending  upon  the 
depth  of  water.  This  should  be  protected  in  some  way  from 
penetration  by  fish,  etc.,  wash  of  water,  and  injury  during 
cleaning  of  the  reservoir.  Six  inches  or  so  of  gravel,  with  dry 
stone  lining  on  the  slopes,  is  often  used  for  this  purpose;  but  a 
better  lining  is  made  of  4 to  8 inches  of  concrete. 

Clay  lining  is  now  seldom  used  for  embankments,  because 
the  lining  is  apt  to  shp  and  to  be  loosened  by  frost,  to  crack 
open  if  alternately  wet  and  dried,  and  to  break  if  a settlement 
occurs  in  the  bank;  and  because  the  same  amount  of  puddle 
can  generally  be  used  to  better  advantage  as  a heart  wall. 
A small  reservoir  on  porous  soil  may  require  to  be  lined  through- 
out, and  in  this  case  a puddle  bottom  fining  may  be  used  and 
continued  either  as  a slope  fining  or  as  a heart  wall.  (See  Fig. 
80,  page  336.)  Clay  fining  should  always  be  protected  from 
injury;  that  on  slopes  by  masonry. 

Concrete  is  the  material  now  commonly  used  for  fining 
reservoirs.  It  is  made  from  6 to  9 inches  thick,  is  sometimes 
(but  not  often)  reinforced,  and  is  generally  made  in  blocks 
from  10  to  25  feet  square,  with  expansion  joints  between  them. 
On  side  slopes  each  block  may  extend  the  entire  height  of  the 
slope,  the  only  joints  being  the  vertical  ones.  These  joints 
may  extend  vertically  through  the  fining  and  be  filled  with 
bituminous  material  such  as  is  used  for  expansion  joints ' in 
pavements  (only  “ poured  ” joints  should  be  used — not  the  solid 
expansion  joint  strips).  In  several  cases  a half-lap  joint  between 
blocks  has  been  used,  the  upper  face  of  the  lower  half  of  the  lap 
being  painted  with  asphalt  or  tar  before  the  next  block  of  con- 
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Crete  with  the  upper  half  of  the  lap  is  placed.  Or  a strip  or  base 
of  concrete  about  8 inches  wide  is  placed  under  each  joint,  with 
its  top  surface  painted  with  tar,  the  joint  coming  over  the 
middle  line  of  the  strip.  These  joint  constructions  are  of  course 
to  permit  temperature  movements  without  leakage. 

The  concrete  used  should  contain  no  stones  larger  than 
I -inch.  Clean  gravel  probably  makes  tighter  concrete  than 
broken  stone.  The  mixture  should  be  rich  and  the  aggregate 
proportioned  to  secure  maximum  density.  It  should  be  just 
wet  enough  to  require  light  tamping  to  compact  it.  On  the 
slopes  it  may  not  be  possible  to  make  it  this  wet,  as  it  will  slide 
down  the  slope,  but  it  should  be  made  as  wet  as  it  can  be  and 
still  retain  its  shape;  and  must  be  tamped  enough  to  make  it 
thoroughly  compact.  It  is  desirable  to  float  all  surfaces  down 
to  a “ sidewalk  ” finish.  The  concrete  is  sometimes  given  a 
waterproof  wash.  Two  or  three  washes  of  cement  grout  applied 
with  a brush  to  the  concrete  after  it  has  set  is  advantageous, 
especially  if  the  surface  is  at  all  porous. 

Asphalt  has  been  used  as  a lining  in  a number  of  western 
and  a few  eastern  reservoirs,  being  placed  upon  a concrete  lining 
or  directly  upon  the  earth  embankment.  But  its  use  is  less 
common  that  it  was  about  1890  to  1900.  It  is  insoluble  in  water, 
giving  it  no  taste  or  color;  will  yield  with  a slightly  setthng  bank 
without  cracking;  is  easily  repaired;  but  it  flows  in  the  sun 
above  water  and  does  not  retain  its  position  well  unless  placed 
on  concrete,  in  which  case  it  is  not  necessary.  ' 

Art.  72.  Covered  Reservoirs 

An  impounding  reservoir  is  of  such  size  as  to  render  a cover- 
ing impracticable,  and  only  small  ones  like  distributing  or 
clear- water  reservoirs  have  been  covered.  Covering  is  most 
frequently  desired  when  the  supply  is  from  ground-water,  which 
is  so  often  given  an  objectionable  taste  by  the  presence  of  algae. 
By  using  covered  reservoirs,  the  water  is  delivered  to  the  con- 
sumer without  having  been  at  any  time  exposed  to  the  light, 
without  which  very  few  algae  can  exist.  A covering  is  also  desir- 
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able  to  exclude  dust  and  other  atmospheric  impurities  and  to 
prevent  malicious  pollution;  also  to  protect  the  water  from 
heat  and  maintain  a uniform  temperature  and  to  prevent  loss 
by  evaporation.  A covered  reservoir  should  be  ventilated. 


The  covering  may  be  of  timber,  metal,  or  masonry.  The 
first  is  generally  the  cheapest  but  least  satisfactory.  It  is 
generally  constructed  by  resting  horizontal  beams  upon  timber 
or  iron  posts,  or  brick  piers,  the  beams  being  spaced  equally 
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over  the  entire  area  of  the  reservoir  and  covered  with  plank. 
For  small  reservoirs  but  40  or  50  feet  in  diameter,  an  ordinary 
circular  wooden  roof  has  been  used,  covered  with  tin  or  slate. 
For  somewhat  larger  reservoirs,  steel  roof  construction  has  been 
used.  This,  however,  offers  little  protection  from  the  sun’s 
heat.  At  Quincy,  111.,  a reservoir  415  by  317  feet  was  covered 
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USED  IN  DEEP  CUT. 


DIVIDING  WALL  PIER 

Fig.  84. — Cross-section  of  Slow  Sand  Filter,  Washignton,  D,  C. 


with  timber  by  the  first  method  (see  Fig.  83).  At  Pasadena, 
Cal.,  five  reservoirs  were  covered  with  timber  roofs;  the  largest, 
330  by  540  feet,  using  2-inch  iron  pipe  for  posts  and  4 by  lo-inch 
by  18-foot  girders.  No  snow  falls  in  this  climate;  but  the 
weight  of  this  must  be  considered  in  designing  roofs  in  Northern 
locahties. 
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Concrete  groined  arches  supported  by  concrete  posts  have 
for  several  years  been  the  most  common  construction;  this* 
being  practically  the  same  as  that  used  for  slow  sand  filters. 
The  roof  is  generally  covered  with  i to  3 feet  of  earth  to  protect 
it  from  accident  and  the  heat  of  the  sun,  one  disadvantage  of  the 
latter  being  the  temperature  expansion  and  contraction  of  the 
concrete.  Earth  covering  also  improves  the  appearance  of  the 
structure.  The  piers  rest  upon  inverted  groined  arches  unless 
there  is  soHd  rock  at  the  bottom  of  the  reservoir.  Standard 


Fig.  85. — Interior  of  Covered  Reserv'oir,  Baltimore  Filter  Plant. 


practice  is  to  make  the  thickness  of  the  piers  12  per  cent  of  the 
span  on  centers,  and  at  least  one-twelfth  the  height.  The 
thickness  of  the  outside  walls  is  about  12  per  cent  of  their 
height  at  the  top  and  16  per  cent  at  the  bottom,  and  they  are 
reinforced  and  calculated  as  beams  supported  at  top  and  bottom 
and  resisting  the  earth  pressure.  The  roof  is  generally  made 
6 inches  thick  at  the  crown,  and  the  thickness  at  the  piers 
calculated  by  assuming  joints  along  the  diagonals.  The  rise  of 
the  arch  is  about  20  to  25  per  cent  of  the  clear  span. 
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DESIGNING 

Art.  73.  Collecting  the  Data 

The  problem  presented  to  the  designing  engineer  is  gen- 
erally: Given  a certain  city  to  be  suppHed;  to  decide  upon  a 
source  of  supply  which  will  meet  the  requirements  as  to  both 
quality  and  quantity,  to  develop  this  source  properly,  conduct 
the  water  to  the  point  of  utilization,  and  arrange  for  its  distribu- 
tion to  meet  the  various  requirements  demanded  of  the  system. 

The  first  problem  presented  is  to  forecast  the  population 
and  the  amount  required  to  provide  the  domestic,  manufactur- 
ing and  the  commercial  consumption  during  each  decade  for 
the  next  fifty  years  or  more.  The  method  of  doing  this  is 
described  in  Chapter  II. 

A map  of  the  city  should  be  obtained  or  prepared  showing 
curb  as  well  as  property  lines,  and  the  location  as  far  as  possible 
of  all  underground  structures  within  the  street  limits,  gas  and 
other  pipes,  fire  wells,  subcellars  or  vaults,  etc.  A convenient 
scale  for  such  map  is  200  feet  to  i inch,  but  if  the  size  of  the  city 
is  such  that  this  scale  would  necessitate  the  use  of  paper  more 
than  3 feet  wide  it  may  be  better  to  use  a scale  of  250  or  even 
300  feet  to  a I inch.  It  is  inadvisable  to  use  a smaller  scale  than 
this,  and  if  the  resulting  map  is  still  too  large  for  the  paper 
it  may  be  necessary  to  spread  it  over  two  or  more  sheets,  when 
the  use  of  the  200-foot  scale  is  advisable.  Extreme  accuracy 
in  this  map  is  not  necessary  for  the  planning  of  the  system,  but 
for  preparing  the  estimate  of  cost  it  is  desirable  that  the  lengths 
of  pipe  may  be  scaled  from  the  map  with  tolerable  accuracy. 
It  is  advisable  to  limit  the  possible  error  in  lineal  dimensions 
to  0.5  per  cent. 

A topographical  survey  of  the  city  can  be  used  to  advan- 
tage, but  the  benefits  accruing  do  not  ordinarily  warrant  incur- 
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ring  the  expense  for  this  purpose  alone;  and  a few  levels  taken  at 
the  lowest  and  highest  points  of  each  section  of  the  city  will 
generally  be  sufficient. 

The  problem  of  fixing  upon  the  source  of  supply  generally 
involves  the  comparative  consideration  of  all  possible  sources. 
The  water  of  streams  or  lakes  should  be  submitted  to  a chemist 
and  bacteriologist  for  examination,  as  should  samples  of  water 
from  test  wells  if  there  is  a probability  of  using  ground  water. 
The  banks  of  streams  and  lakes  and  of  their  tributaries  should 
be  examined  for  sewers,  drains,  outhouses,  slaughter-houses,  or 
other  sources  of  pollution.  If  a surface  supply  is  in  question, 
selecting  the  best  location  for  the  reservoir  will  require  a survey 
of  the  limiting  fine  of  the  catchment  area;  a line  of  levels  along 
the  valley,  giving  elevations  relative  to  the  city;  test  borings 
at  possible  dam  sites  to  determine  the  character  of  foundation 
obtainable;  and  an  accurate  topographical  survey  of  the  dam 
site  selected  and  of  the  reservoir  location  above  it,  that  for  the 
dam  generally  locating  contours  at  i-foot  to  5-foot  intervals,  while 
5-foot  to  25-foot  contours  may  be  sufficient  for  the  reservoir 
site.  The  location  of  all  swamps,  ponds,  stables  or  cow-houses, 
buildings,  roads,  and  other  natural  and  artificial  features  should 
be  determined.  It  will  be  necessary  also  to  learn  who  are  the 
owners  of  the  properties  in  question,  and  in  fact  of  all  that  are 
in  the  catchment  basin. 

If  ground  water  is  considered,  the  geology  of  the  surround- 
ing country  should  be  carefully  studied  and  the  location  and 
history  of  all  wells  in  the  neighborhood — their  depth,  character 
of  strata  which  they  pierce,  and  quantity  and  quality  of  flow 
from  year  to  year.  The  probability  of  contaminated  water 
entering  the  water-bearing  stratum  should  be  investigated,  and 
special  attention  paid  to  this  as  well  as  to  the  mineral  content 
in  the  chemical  and  bacterial  analyses  of  the  water. 

If  the  supply  be  from  an  intercepting  reservoir,  the  best  con- 
duit line  between  this  and  the  city  should  be  determined  by 
survey.  If  an  open  conduit  be  employed,  the  survey  will 
assume  much  the  character  of  a railroad  survey  for  a road 
with  its  grade  and  terminals  fixed. 
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The  location  of  pumping  station,  standpipe,  distributing 
reservoir,  and  some  other  features  of  the  system  will  call  for 
special  investigations  and  surveys,  the  latter  mainly  consisting 
of  measurements  of  the  distances  and  relative  elevations  between 
these  and  the  city. 

Estimation  of  the  quantity  of  water  flowing  in  rivers  is 
made  by  obtaining,  with  either  floats  or  current  meter,  the 
velocity  in  a cross-section  whose  area  has  been  measured. 
River  gagings  should  be  made  during  the  lowest  water  if 
possible,  and  compared  with  calculations  of  the  probable 
minimum  yield  to  be  expected  from  the  drainage  area.  Gag- 
ings of  certain  rivers  extending  over  long  periods  of  time 
can  be  obtained  from  government  reports  or  the  records  of 
water-power  companies;  but  such  rivers  are  unfortunately 
few. 

All  obtainable  rainfall  data  should  be  collected;  and  one 
or  more  rain  gages  should  be  established  in  the  catchment 
areas  under  consideration  as  soon  as  the  investigation  is  begun 
and  maintained  throughout  the  time  of  the  investigation, 
designing,  and  construction;  and  it  will  be  desirable  to  continue 
their  use  on  the  watershed  adopted,  after  the  plant  is  in  service. 

The  yield  of  a small  stream  may  be  obtained  by  the  use  of  a 
weir;  that  of  a well,  by  catching  the  flow  in  casks  of  known 
capacity,  and  noting  the  number  of  times  they  are  filled  in  a given 
period,  or  by  receiving  the  flow  in  a flume  and  measuring  it  by 
a weir.  The  natural  flow  of  wells  is  generally  increased,  both 
during  the  test  and  for  practical  use,  by  a pump,  either  surface, 
deep-well,  or  air-lift. 

The  testing  of  a well  should  extend  over  at  least  a week, 
with  several  gagings  daily,  if  an  estimate  at  all  accurate  is 
desired;  and  tests  are  sometimes  continued  for  a month  or 
more,  during  which  time  the  ground-water  level  should  remain 
constant  while  the  rate  of  pumping  is  uniform. 

Art.  74.  Selecting  the  Source  of  Supply 

If  the  city  is  upon  or  near  a river  or  lake,  this  forms  the 
most  obvious  source  of  supply;  but  unfortunately  there  are  few 
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in  the  settled  parts  of  the  country  which  are  not  more  or  less 
polluted,  and  there  is  a probability  that  settlements  will  before 
long  be  established  along  rivers  in  sections  not  now  populated. 
]\Iany  cities  which  originally  drew^  their  supply  from  their 
own  river-fronts  have  been  forced  to  abandon  this  supply  on 
account  of  the  fatal  epidemics  of  disease  clearly  traceable  to  it; 
and  many  others  are  eagerly  searching  for  purer  supplies  for  the 
same  reason.  A clearer  foresight  and  shrewder  economy  would 
in  many  cases  have  led  to  the  acquiring  of  drainage  basins  and 
reservoir  sites  when  they  could  have  been  obtained  at  a much 
lower  cost  than  must  now  be  paid  for  them.  Whatever  the 
opinions  of  the  citizens,  it  would  seem  to  be  the  engineer’s  duty 
to  place  the  river  as  the  last  rather  than  the  first  alternative 
source,  and  plainly  and  forcibly  to  state  to  the  public  his  rea- 
sons therefor.  If  river  water  is  to  be  used,  purification,  either 
immediate  or  in  the  future,  should  be  considered  essential. 

The  present  quality  of  a river  supply  may  be  learned  approxi- 
mately by  chemical  and  bacterial  analyses,  in  connection  vith 
a searching  investigation  for  all  causes  of  contamination.  It  is 
desirable  to  obtain  analyses  not  only  during  ordinary  periods 
of  flow,  but  during  low  and  high  water  also.  In  determining 
the  quantity  of  flow  in  a river  it  must  be  remembered  that  low 
water  generally  lasts  for  several  days  or  vreeks,  while  the  maxi- 
mum rate  generally  continues  but  a few  hours.  If  no  storage 
is  to  be  supplied,  particular  care  must  be  taken  to  learn  the  very 
lowest  rate  of  flow  attained  by  the  river,  and  a margin  of  safety 
should  be  used  in  connection  with  this. 

In  testing  the  quality  of  a ground  water,  analyses  should 
be  taken  during  the  quantity  test;  and  particularly  at  the 
end  of  this,  since  the  quality  often  changes  as  the  flow  con- 
tinues, ovdng  to  differences  in  the  composition  of  the  near 
and  distant  parts  of  the  water-}delding  stratum. 

Before  or  while  making  exhaustive  tests  of  the  quality  and 
quantity  of  water  available  from  different  sources,  an  estimate 
of  that  required  should  be  prepared.  The  estimate  of  popula- 
tion can  be  approximated  as  suggested  in  Art.  7 ; a considerable 
extra  allowance  for  growth  being  made  for  small  cities.  The 
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decision  as  to  quantity  of  consumption  per  capita  is  a most 
difficult  one.  If  meters  are  to  be  used,  and  every  effort  made 
to  keep  the  consumption  within  reasonable  limits,  6o  gallons  for 
residential  and  8o  to  loo  for  factory  towns  should  be  sufficient; 
but  many  engineers  assume  for  large  cities  a rate  gradually 
increasing  to  a maximum  of  150.  If  no  efforts  at  limiting 
consumption  are  made,  the  consumption  may  reach  any  figure 
short  of  a thousand  gallons  per  capita,  and  the  only  logical  con- 
clusion would  be  to  furnish  all  the  water  available. 

In  case  a water  supply  of  good  quality  can  be  obtained  in 
sufficient  quantity  for  domestic  consumption  only,  but  water 
of  a more  polluted  supply  from  a river  is  available  also,  the 
latter  may  be  used  for  an  auxiliary  supply  for  factories,  street 
and  sewer  cleaning,  pubhc  fountains,  and  similar  purposes; 
although  great  care  should  be  taken  that  it  be  excluded  from  all 
faucets  or  other  contrivances  by  which  it  might  be  obtained 
for  drinking-water  by  careless  citizens.  Such  a supply,  for 
fires  only,  has  been  introduced  at  a number  of  cities;  and  for 
manufacturing  purposes  at  New  London,  Conn.  Salt  water 
has  been  used  for  street-sprinkhng  and  sewer-flushing  in  a 
number  of  English  cities,  where  it  is  said  to  prove  very  satis- 
factory, I gallon  of  sea  water  laying  the  dust  as  effectively 
as  three  or  four  of  fresh.  The  chief  reason  for  introducing  an 
auxiliary  fire  system  is  not,  however,  scarcity  of  supply  (in 
fact,  many  such  systems  draw  their  supply  from  the  regular 
mains),  but  the  possibility  of  thus  obtaining  greater  pressure 
and  rate  of  discharge;  and  the  use  of  such  a system  in  no  way 
affects  the  selection  of  a source  of  supply  for  domestic  con- 
sumption. 

In  searching  for  a watershed  to  supply  surface  water,  it  is 
desirable  to  find  one  from  which  the  water  can  be  led  by  gravity, 
and  this  will  generally  be  at  the  head  waters  of  a stream  pass- 
ing through  or  near  the  city,  or  of  one  of  its  tributaries.  This 
should  be  comparatively  free  from  occupants,  and  preferably 
wooded  and  without  swamps.  The  drainage  area  necessary 
may  be  calculated  by  dividing  the  maximum  annual  supply 
desired  plus  evaporation  from  the  reservoir  by  the  expected 
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yield  per  square  mile.  This  yield  may  be  the  average  annual 
yield,  but  not  unless  a very  large  storage  reservoir  is  provided. 
It  \vould  be  better  to  use  the  minimum  average  yield  of  three 
or  four  years.  Great  care  and  judgment  should  be  used  in  esti- 
mating the  rate  of  yield,  all  rainfall,  evaporation,  and  stream- 
flow  data  available  being  used  as  outlined  in  Art.  35.  The 
most  reliable  data  are  those  obtained  by  careful  run-off  or  stream 
flow  gagings  on  watersheds  in  the  same  section  of  country 
and  general  topographical  location,  correcting  these  for  differ- 
ent areas  of  water  surface  if  necessary.  If  no  such  data  have 
been  obtained,  use  may  be  made  of  the  general  rainfall  and  run- 
off records  for  that  section  of  the  country,  as  obtained  from 
government  records.  The  less  reliable  and  specific  the  data, 
the  greater  the  amount  of  surplus  catchment  area  which  should 
be  provided  above  that  estimated. 

The  size  of  catchment  area  having  been  determined,  a 
point  should  be  looked  for  in  the  drainage  valley  which  offers 
a favorable  location  for  a dam  and  reservoir  and  above  which 
the  extent  of  drainage  area  is  at  least  that  found  necessary. 
This  point  should  also  be  at  such  elevation  above  the  city 
that  water  can  be  delivered  there  by  gravity  and  with  the  desired 
pressure.  If  one  area  cannot  be  found  sufficiently  large  to 
furnish  the  entire  supply,  several  may  be  used,  the  nearer  they 
are  to  each  other  and  to  the  point  of  utihzation  the  better. 
A large  city  may  be  compelled  to  go  a long  distance  for  the 
necessary  supply;  as  did  New  York  City  and  Los  Angeles, 
whose  suppHes  are  impounded  92  and  226  miles  distant,  respect- 
ively. 

The  best  reservoir  location  is  one  at  which  the  desired 
quantity  can  be  stored  on  the  least  surface  area,  and  where 
the  shores  of  the  reservoir  will  be  fairly  steep;  also  where  the 
impounding  dam  may  be  short,  have  a sohd  foundation,  and 
be  constructed  largely  of  material  found  near  at  hand.  A 
bowl-shaped  basin  among  the  hills  or  mountains,  having  a 
narrow  gorge  for  its  outlet,  best  fulfills  these  conditions.  Reser- 
voirs have  been  built  in  a rolling  country,  however,  where  the 
length  of  the  dam  is  as  great  as  that  of  the  reservoir,  and  the 
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maximum  depth  but  a few  feet;  but  such  reservoirs  lose  much 
of  their  stored  water  through  evaporation  and  seepage,  and  it  is 
liable  to  acquire  undesirable  qualities.  ; 

The  geological  conditions  of  a reservoir  site  should  be  such  b 

that  there  is -little  danger  of  leakage;  the  strata  being  synclinal  jf; 

rather  than  anticlinal,  and  containing  no  fissures  or  open  faults. 

In  searching  for  a ground-water  supply,  if  shallow  wells 
or  filter  galleries  are  proposed,  no  data  concerning  the  flow  to  c 

be  expected  can  be  obtained  from  points  more  than  a very  P 

few  miles  away,  except  as  these  have  thrown  fight  on  the  | 

general  laws  of  ground  flow.  Test  wells  and  pumping  and  a | 

thorough  knowledge  of  the  soil  conditions  and  the  source  of  • 

the  w^ater  reaching  the  place  in  question  should  form  the  chief 
basis  of  estimating  the  flow.  In  this,  as  in  tests  of  deep  wells,  ^ 

pumping  should  be  continued  for  a considerable  time;  and  it  is  > 

desirable  to  sink  another  observation  well  at  some  distance — ■ y 

say  looo  feet — away,  and  note  the  fluctuations  of  ground- water 
level  in  it.  If  this  constantly  falls  while  pumping  at  a uniform  q 

rate  is  continuing,  it  indicates  that  not  only  is  all  of  the  regular  r 

ground  flow  being  pumped,  but  the  ground  storage  is  being 
drawn  upon.  The  water  surface  in  the  observation  well  may  be 
lowered  during  the  first  day  or  two  of  pumping,  even  if  this  be  S 

less  than  the  rate  of  ground  flow,  but  after  the  conditions  of  J 

flow  to  the  well  become  established  it  should  remain  stationary.  h 

If  the  pum.ping  could  be  continued  at  the  maximum  rate  which  it  t 
is  possible  to  maintain  without  drawing  upon  the  storage,  j 

this  would  equal  the  ground  flow  at  that  time.  But  it  must  J 

be  remembered  that  shallow  wells  are  much  more  affected  by  5^. 

droughts  than  are  deep  ones.  $ 

Of  deep  wells  also  the  only  sure  knowledge  can  be  obtained  | 
by  actual  test;  but  if  there  are  others  in  the  vicinity,  much  may  « 
be  judged  from  their  performance.  If  these  tap  water-bearing  m 
sandstones  or  other  rock  strata,  the  probabilities  are  that  wells  || 
of  similar  capacity  and  characteristics  may  be  driven  to  the  same  ft 
rock  over  a considerable  section  of  country;  as  in  the  case  of  the  C 
Dakota,  St.  Paul,  and  other  sandstones  in  the  North-central  'm 
states.  If  the  wells  are  in  glacial  deposits^  the  extent  of  the  strata  S 
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which  they  tap  is  very  uncertain  and  can  be  known  only  by  actual 
investigation. 

If  the  amount  of  water  desired  is  small,  the  possibility  of 
obtaining  it  from  springs  should  not  be  overlooked,  and  suit- 
able ones  should  be  searched  for.  On  the  other  hand,  the 
limit  of  area  to  be  investigated  for  supplies  is  generally  limited 
by  the  small  amount  of  money  available  for  constructing  con- 
duits in  a small  plant. 

It  will  generally  be  desirable  to  make  comparative  esti- 
mates of  the  cost  of  using  each  of  the  available  sources;  never 
forgetting  that  quality  should  outweigh  any  financial  con- 
siderations where  the  water  is  for  domestic  use. 

Art.  75.  The  General  Design 

The  location  of  the  source  of  supply  wall  generally  deter- 
mine whether  the  system  wall  be  a gravity  or  a pumping  one; 
and  the  tw^o  may  be  combined,  either  when  there  are  two 
sources  of  supply,  or  when  the  territory  to  be  supplied  is  at 
different  elevations.  In  the  latter  case  there  wall  generally 
be  a high-service  distributing  reservoir  into  w^hich  the  water 
is  pumped;  in  the  former  the  pumping  and  gravity  supplies 
may  be  distributed  by  practically  tw^o  separate  systems,  or, 
as  is  more  often  the  case,  pumping  is  resorted  to  to  supple- 
ment the  gravity  supply  when  this  becomes  deficient.  If  the 
storage  reservoir  is  at  a great  distance  from  or  elevation  above 
the  city,  a smaller  distributing  reservoir  is  desirable.  The 
top  of  a hill  or  ridge  immediately  above  the  city  and  150  to 
300  feet  higher  forms  the  best  location  for  such  a reservoir; 
or  a flat  slope  on  a side  hill  may  be  used.  If  such  location 
is  not  obtainable  and  the  storage  reservoir  is  more  than  300 
to  350  feet  higher  than  the  city^  in  which  case  a distributing 
reservoir  is  desirable  to  prevent  a pressure  head  dangerous  to 
ordinary  plumbing,  this  may  sometimes  be  located  lower 
down  the  valley  of  the , impounded  stream  and  formed  by  a 
small  dam  across  this  valley,  the  old  stream-bed  serving  as  a 
conduit  to  connect  the  two  reservoirs.  But  if  the  watershed 
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above  the  distributing  reservoir  is  liable  to  pollute  the  supply, 
the  distributing  reservoir  should  be  placed  out  of  the  channel 
of  flow. 

If  pumping  is  employed,  a reservoir  or  standpipe  is 
extremely  desirable,  and.  should  be  omitted  only  when  it  is 
impossible  to  obtain  the  money  to  pay  for  it;  and  even  then 
its  future  construction  should  be  provided  for,  and  carried 
out  as  soon  as  possible.  Whether  reservoir  or  standpipe  is 
provided  will  generally  depend  upon  the  local  topography.  A 
reservoir  is  decidedly  to  be  preferred  if  a hill  sufficiently  high 
for  one  is  near  the  city;  but  if  there  is  no  such  hill,  a stand- 
pipe will  be  necessary  to  give  the  desired  elevation  and  head  of 
water.  A standpipe  may  be  placed  anywhere  in  a city,  as  it 
occupies  but  fittle  ground  space.  It  is  more  efficient  the  nearer 
it  is  to  the  center  of  the  district  most  urgently  requiring  fire- 
protection — generally  the  business  or  manufacturing  district. 

The  elevation  of  the  reservoir  or  standpipe  will  determine 
the  volume  and  range  of  fire  streams  in  the  city,  since  the 
pressure  at  the  nozzle,  plus  the  friction  loss  in  the  hose  and  pipes 
between  this  and  the  reservoir  or  standpipe,  must  equal  the  dif- 
ference in  level  between  the  nozzle  and  the  surface  of  the  stored 
water.  Knowing  the  volume  and  range  of  fire  streams  and  the 
number  of  simultaneous  streams  desired,  and  the  size  and  length 
of  pipes  between  the  nozzle  and  supply,  the  velocity  in  these  last 
can  be  calculated  and  from  this  the  friction  head;  and  friction 
head  plus  nozzle  pressure  head  plus  elevation  of  the  principal 
fire-risk  district  will  give  the  desired  elevation  of  the  water  in 
reservoir  or  standpipe.  A standpipe  should  be  carried  at  least 
15  to  20  feet  above  this  elevation,  since  the  water  level  falls 
rapidly  during  fires. 

In  the  case  of  a large  city  in  a level  country  such  a condition 
is  practically  impossible  unless  a number  of  standpipes  be 
scattered  throughout  the  city.  (In  such  a location  the  supply 
will  in  every  case,  probably,  be  by  pumping.)  It  then  becomes 
necessary  to  obtain  additional  head  by  pumping  during  fires. 
This  may  be  effected  either  by  the  use  of  steam  fire  engines,  in 
which  case  the  head  in  the  water  mains  must  be  sufficient  to 
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supply  water  to  the  fire  hydrant  at  the  maximum  rate  at  which 
the  fire  engines  can  use  it;  or  the  pressure  and  volume  given 
by  the  water-works  engines  may  be  increased  when  a fire  breaks 
out,  the  reservoir  or  standpipe  (if  any)  being  at  the  same  time 
shut  off  from  the  system.  The  objections  to  the  latter  plan  are, 
that  a longer  time  is  generally  consumed  in  raising  the  pressure 
at  the  pumping  station  than  in  starting  a fire  engine;  and  pipes 
and  fixtures  which  showed  no  sign  of  weakness  during  ordinary 
service  pressure  are  apt  to  be  broken  by  the  excessive  fire  pres- 
sure. Both  these  objections  are  found  to  be  seriously  applica- 
ble to  four  out  of  five  of  the  smaller  cities  and  towns. 

If  the  supply  for  a pumping  system  be  from  ground  water 
or  other  source  not  subject  to  occasional  pollution  with  con- 
siderable suspended  matter,  or  if  it  be  filtered,  an  excellent 
arrangement  is  to  place  the  pump  and  the  reservoir  or  stand- 
pipe on  opposite  sides  of  the  city,  and  use  the  direct-indirect 
system.  If  the  main  break  near  either  pump  or  reservoir,  the 
other  of  the  two  can  then  supply  the  entire  city;  and  with  a 
proper  arrangement  of  piping  it  will  be  impossible  for  any 
one  break  to  deprive  more  than  one  city  block  of  its  supply. 
Also  a more  generally  uniform  fire  pressure  can  be  obtained 
thus  than  if  pump  and  reservoir  were  on  the  same  side  of  the 
distribution  system. 

If  the  supply  is  from  a river,  however,  and  is  not  filtered 
the  pumps  should  preferably  discharge  directly  into  reser- 
voirs, that  the  water  may  have  some  opportunity  for  clarifica- 
tion when  muddy  before  being  delivered  for  consumption. 
At  least  two  reservoirs,  or  one  double  reservoir,  should  be 
provided,  and  these  should  always  be  kept  full  while  the  river 
water  is  clear,  to  furnish  the  supply  while  it  is  muddiest;  being 
if  possible  of  such  size  as  to  furnish  the  supply  until  the  river 
water  again  becomes  clear.  The  further  a river  valley  extends 
above  the  intake  the  longer  will  this  period  of  turbidity  continue. 
The  period  will  vary  widely  with  the  character  of  soil  and  slope 
of  the  watershed,  but  for  average  conditions  the  turbidity  will 
probably  continue,  after  a heavy  rain  ceases,  one  day  for  each 
30  to  50  miles  of  river  above. 
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Where  there  is  no  location  for  distributing  reservoirs  in  a 
river  pumping  system,  it  is  advisable  to  place  settling  reser- 
voirs near  the  river  at  the  pumping  station,  and  pump  into 
these,  and  from  them  to  a standippe  by  the  direct-indirect 
system.  The  same  pumps  could  be  used  alternately  for  pump- 
ing from  river  to  reservoir  and  from  reservoir  to  standpipe; 
but  greater  economy  could  generally  be  obtained  by  using  for 
the  former  centrifugal  pumps  of  high  efficiency,  and  high- 
duty  pumps  for  the  service  pumping,  both  being  run  by  the  same 
steam  plant.  A by-pass  should  be  provided  around  the  dis- 
tributing and  settling  reservoirs  from  the  pumping  to  the  dis- 
tribution main,  to  be  used  for  direct  pumping  if  it  is  desired  to 
clear  or  repair  the  reservoirs,  or  to  increase  the  pressure  during 
fires;  but  if  the  water  is  unsafe  unless  purified,  the  purifica- 
tion plant  should  not  be  by-passed  under  any  consideration. 

An  uncontaminated  supply  is  more  satisfactory  and  reli- 
able than  a purified  one,  but  the  latter  is  infinitely  preferable 
to  a contaminated  one  unpurified.  Uncontaminated  supplies 
are  becoming  very  scarce,  especially  in  the  thickly  settled 
parts  of  the  country;  and  nearly  all  surface  supplies  should  be 
purified.  Purification  works  for  a gravity  supply  may  be 
immediately  below  a storage  reservoir,  but  would  generally  be 
more  accessible  just  above  a distributing  one.  In  the  case  of  a 
pumping  supply  the  purification  plant  is  generally  near  the 
river  and  the  pumps,  secondary  pumps  raising  the  water  to 
it  from  the  river  if  necessary;  although  in  some  cases  the  plant 
is  at  or  near  the  distributing  reservoir  into  which  the  water  is 
pumped,  as  at  Louisville,  Ky.  If  pressure  filters  be  used,  these 
may  be  placed  near  the  pumps  on  the  pumping  main,  water 
being  pumped  through  them  directly  from  the  river.  But  the 
life  and  efficiency  of  both  pumps  and  filters  will  generally  be 
increased  by  first  clarifying  the  water  in  a sedimentation  basin. 

Art.  76.  Gravity  Head  Works 

The  investigation  of  a watershed  calls  for  accurate  data 
concerning  its  area  and  form.  These  may  sometimes  be 
obtained  from  state  or  federal  publications;  but  in  most  cases 
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it  is  necessary  to  make  the  required  surveys.  The  most  im- 
portant of  these  is  a careful  running  of  a transit-line  around 
the  boundary  of  the  catchment  area,  and  a line  of  levels  (referred 
to  the  city  datum)  and  transit  line  up  the  bottom  of  the  drain- 
age valley.  From  a map  prepared  from  these  data  the  catch- 
ment area  above  any  proposed  dam  site  can  be  scaled  off,  and 
its  total  yield  estimated;  and  the  head  available  at  the  city 
due  to  the  elevation  of  the  dam  may  be  learned. 

At  the  dam  site  selected,  borings  and  test  pits  should  be 
made  to  determine  the  character  of  the  underlying  strata. 
These  should  be  located  at  several  points  over  the  site  to  be 
covered  by  the  dam,  and  also  over  the  reservoir  area.  An 
impervious  stratum  should  not  be  pierced  by  the  test  holes; 
but  if  found  to  exist  under  the  dam  and  reservoir  site,  other 
test  holes  a short  distance  below  the  dam  site  should  be  car- 
ried through  or  several  feet  into  the  impervious  stratum  to 
learn  if  its  thickness  be  sufficient.  If  this  be  more  than  one- 
third  the  height  of  the  dam  and  the  material  be  sohd,  it  can 
probably  be  rehed  upon  as  a foundation.  If  less  than  this 
be  found,  with  a soft  or  porous  material  underlying  it,  further 
investigation  should  be  made  before  finally  selecting  the  site; 
although  an  earth  dam  would  probably  be  safe  upon  a con- 
siderably thinner  rock  foundation  if  free  from  seams  or  cracks. 
The  danger  from  a thin  impervious  stratum  is  twofold:  its 
strength  may  not  be  sufficient  to  support  the  dam,  or  the 
head  of  water  created  may  cause  a leakage  through  it. 

A thorough  investigation  should  be  made,  if  necessary, 
to  render  certain  and  exact  the  information  concerning  the 
geological  formation  at  the  dam  site.  Such  conditions  as  are 
shown  in  Fig.  86  are  inadmissible.  In  a leakage  would  almost 
surely  occur  under  the  dam.  In  h it  would  penetrate  the  rock 
and  the  under  stratum  in  consequence  of  the  head  created 
behind  the  dam,  and  either  a leak  result  or  the  under  stratum 
become  saturated  and  soft;  in  either  of  which  cases  the  rock 
would  be  likely  to  yield  under  the  weight  of  the  dam.  In  h the 
dam  should  be  carried  down  to  a thick  stratum  of  unseamed  rock 
or  moved  to  another  location,  as  below  the  point  c.  In  a the 
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core  wall  may  be  carried  to  the  lower  rock  stratum,  unless  this 
also  is  underlaid  by  a porous  stratum  which  outcrops  within 
the  reservoir  area. 

Not  only  the  bottom,  but  the  sides  also  of  the  valley 
should  be  carefully  examined  for  seams,  porous  strata,  or  other 
conditions  which  would  cause  leakage  under  or  around  the 
dam. 

From  the  size  of  the  catchment  area  and  the  estimated  yield, 
the  amount  of  storage  required  can  be  estimated.  This  capacity 
is  then  used  to  learn  the  height  of  dam  necessary.  A carefully 
prepared  contour  map  of  the  reservoir  site  is  made,  the  contour 
interval  being  from  i to  5 feet,  depending  upon  the  steepness  of 
the  ground  slope.  The  dam  is  approximately  located  on  this. 


Fig.  86. — Unsuitable  Dam  Sites. 


Beginning  at  the  lowest  contour,  the  area  included  by  this  above 
the  dam  is  measured  by  a planimeter  or  otherwise,  and  the  same 
is  done  with  each  successive  contour;  the  volumes  embraced 
between  successive  contour  planes  are  calculated,  and  when  the 
sum  of  all  these  volumes  below  a certain  plane  equals  the 
amount  of  storage  desired,  this  contour  plane  will  be  the  eleva- 
tion of  the  reservoir  spillway.  The  water  will  rise  such  a dis- 
tance higher  than  this  as  is  necessary  to  discharge  the  maximum 
floods  over  the  spillway. 

If  a storage  reservoir  of  the  desired  capacity  would  require 
a very  high  dam,  it  may  in  some  cases  be  cheaper  to  construct 
two  reservoirs,  either  one  below  the  other  in  the  same  valley, 
or  in  different  valleys. 

If  the  back-water  from  the  reservoir  will  cause  shallow 
ponding  of  water  along  the  banks  of  the  tributary  stream. 
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the  channel  of  this  should  be  walled  in  and  the  banks  raised 
above  the  water  level  of  the  reservoir;  and  the  same  treat- 
ment, or  excavation  and  paving,  or  more  often  both  combined 
as  at  h,  Fig.  87,  should  be  applied  to  all  shallow  water  within 
the  limits  of  the  reservoir.  If  a shallow  pond  is  formed,  as 
at  a,  it  will  generally  be  better  to  fill  this  entirely,  as  shown 
by  the  dotted  lines.  Sufficient  material  for  this  will  in  most 
cases  be  obtained  in  clearing  off  the  reservoir  site  and  grading 
the  banks.  The  last  few  feet  nearest  the  slope  of  this  fill, 
however,  should  be  of  gravel  or  earth  free  from  organic  matter. 
Embankment  slopes  should  be  paved,  with  dry  slope  wall  or 
otherwise;  and  it  is  desirable  to  treat  the  entire  shore  of  the 


reservoir  in  this  manner,  for  2 feet  above  and  a few  feet  below 
ordinary  water  limit. 

The  decision  as  to  the  material  of  which  a dam  should  be 
constructed  will,  to  a large  extent,  depend  upon  the  size  of 
the  dam,  character  of  the  foundation,  the  material  at  hand, 
the  accessibility,  and  the  money  available.  If  bed-rock  is 
near  the  surface  and  can  be  quarried  for  construction  near 
by,  a masonry  dam  is  easily  possible.  If  hardpan  or  clay  is 
near  the  surface  and  good  embankment  materials  near  at 
hand,  an  earth  dam  is  practicable.  If  rock  exists  for  a founda- 
tion and  for  masonry,  and  also  soil  adapted  to  embankments, 
either  construction  is  possible.  Where  labor,  cement,  and  sand 
are  reasonably  cheap  -an  earthen  embankment  more  than  70 
or  80  feet  high  will  probably  cost  more  than  a masonry  dam, 
owing  to  the  great  width  of  the  base  and  volume  of  material 
in  the  former.  If  the  dam  is  short  and  the  spillway  must  be 
placed  in  it,  this,  which  must  generally  be  of  masonry,  may 
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form  so  large  a proportion  of  the  dam  that  constructing  the 
whole  of  masonry  as  a weir  dam  would  cost  but  little  more, 
and  would  be  much  safer. 

If  no  rock,  hardpan,  or  clay  exist  within  40  or  50  feet  of 
the  surface  to  form  a foundation  and  impervious  bottom  for 
the  reservoir,  it  will  probably  be  well  to  endeavor  to  find  another 


site.  If  the  site  selected  be  not  underlaid  with  such  a stratum 
of  considerable  thickness  it  would  be  useless  to  place  there  a 
tight  masonry  or  earth  dam  of  considerable  height;  but  one 
10  or  15  feet  high  may  be  constructed  on  a timber  foundation 
protected  by  sheet  piling,  although  this  construction  is  to  be 
avoided  if  possible.  In  such  a location  a rock-fill  or  timber 
dam  may  be  used  to  divert  the  water  if  no  storage  be  required. 
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The  general  form  and  cross-section  of  dams  has  been  already 
considered  in  Chapter  XIII.  The  cubic  contents  of  a given 
dam  can  be  most  readily  ascertained  by  the  use  of  a contour 
map  of  the  site,  to  a large  scale.  The  method  is  illustrated 
in  Fig.  88.  On  the  prolonged  axis,  AB,  of  the  dam  a cross- 
section  of  the  same,  CDEF,  is  drawn  to  the  same  scale  as  the 
contour  map  and  with  AB  sls  its  vertical  axis.  If  the  crest  of 
the  dam  is  to  be  at  an  elevation,  say,  of  125  feet  above  datum, 
horizontal  lines  are  drawn  at  intervals  of  5 feet  (if  this  be  the 
contour  interval)  beneath  this  and  numbered  with  their  proper 
elevations.  The  points  of  intersection  of  the  120  line  are  pro- 
jected down  to  the  map,  and  where  the  projection  lines  cut  the 
i2o-foot  contours,  as  at  e,  /,  g,  and  h are  points  in  the  junction 
of  the  dam  and  the  earth  surface,  ef  and  gh  are  connected; 
a,  h,  d,  and  c,  are  found  and  connected  in  the  same  way,  and  a 
is  connected  with  e,  b with  /,  etc.,  the  outline  aekfhdglhc,  being 
thus  formed.  The  areas  acdb,  ehgf,  etc.,  are  now  measured  and 
treated  as  parallel  sections  of  a prismoid  in  calculating  the 
cubic  contents  of  the  dam.  The  contours  ac,  bd,  fg,  and  eh 
are  taken  as  the  ends  of  the  horizontal  sections.  Instead  of 
using  surface  contours,  those  of  the  ground  as  cleared  or  exca- 
vated, or  of  the  rock,  if  it  be  a masonry  dam,  should  be  used; 
or  the  surface  contours  may  be  used,  and  to  the  resulting 
calculation  may  be  added  the  amount  to  be  excavated  and  then 
refilled  as  embankment  or  masonry. 

The  upper  face  of  earth  dams  should  be  protected  from 
wash,  weeds,  and  ice  by  paving.  This  is  generally  in  the 
form  of  a dry  wall  12  to  24  inches  thick,  composed  of  a single 
layer  of  flat  stone,  carefully  laid  by  hand  on  a bed  of  coarse 
gravel  or  broken  stone  6 to  20  inches  thick.  A bed  of  concrete 
4 to  12  inches  thick  is  better  than  the  broken  stone;  and  when 
this  is  used  brick  is  sometimes  substituted  for  the  dry  stone  wall. 
A water-tight  lining  is  desirable  if  there  is  no  core  wall  and  the 
embankment  is  not  sufficiently  impervious. 

The  outer  slope  of  a dam  is  generally  sodded  to  prevent 
wash  by  rains;  although  in  some  cases  this  also  has  been  paved. 
If  there  is  a berm,  a paved  gutter  should  be  placed  along  the 
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inner  edge  of  this,  leading  to  a drain  which  discharges  upon  the 
natural  surface  below  the  dam. 

The  face  of  a masonry  dam  may  be  vertical,  sloping,  curved, 
or  stepped.  The  first  is  applicable  to  very  low  dams  only,  the 
second  of  dams  up  to  20  to  30  feet  in  height  if  never  over- 
flowed, but  only  10  or  15  feet  if  ever  acting  as  weirs.  Weir- 
dams  from  10  or  15  to  20  or  30  feet  high  may  be  stepped  in 

front  or  given  an  ogee  form.  Dams  more  than  30  or  40  feet 

high  should  be  given  forms 
calculated  for  greatest  econ- 
omy; as  the  “economical” 
or  the  new  Croton  profile 
in  Fig.  71;  and  if  to  act 
as  weir  dams,  should  have 
an  ogee  or  other  curved 

face,  similar  to  the  Austin 

or  Holyoke  dam.  The  face 
stones  may  all  rest  on  hori- 
zontal beds,  but  in  weir 
dams,  at  least,  it  is  better 
to  make  the  joints  radial. 

The  crest-  or  cap-stones 
should  be  heavy  and  sub- 
stantial, and  where  there 
is  great  danger  from  heavy 
logs  and  ice  they  may  be 
bound  together,  as  in  the 
Holyoke  dam.  For  spillways  in  storage  reservoirs,  however, 
the  construction  shown  in  Fig.  89  will  generally  be  suffi- 
cient, the  steps  being  sometimes  replaced  by  an  ogee  face 
for  high  spillways.  If  the  main  dam  be  of  earth  and  a 
masonry  core  wall  be  used,  it  should  be  joined  to  the  ma- 
sonry of  the  spillway;  or  if  there  be  no  core  wall,  a spur 
wall  should  be  carried  for  some  distance  into  the  center  of 
the  embankment  from  each  end  of  the  spillway.  A spillway 
over  a natural  bed  rock  at  one  end  of  the  dam  is  generally 
preferable  to  a weir. 


Fig.  89. — Spillway  in  Earth  Embankment. 
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The  cut-off  flanges  for  pipe  passing  through  an  embank- 
ment or  dam  may  be  made  as  shown  in  Fig.  90.  A thin  sheet 
of  lead  or  other  yielding  and  durable  material  should  be  placed 
between  the  casting  and  the  pipe,  and  between  the  flanges  of 
the  casting,  so  that  no  water  may  work  its  way  between  the  pipe 
and  cut-off  flange. 

But  one  pipe,  an  outlet  main,  may  be  used  in  small  reser- 
voirs, a blow-off  branch  being  placed  on  this  just  outside  the  res- 
ervoir and  controlled  by  proper  valves.  The  inner  end  of  such 
pipe  must  be  at  the  lowest  point  in  the  reservoir  and  flush  with 
the  bottom,  in  order  that  the  water  may  all  be  drawn  off.  It 


should,  however,  be  supplied  with  a removable  extension  rising 
at  least  a foot  or  two  above  the  bottom,  to  exclude  mud  and  other 
deposits  from  the  outlet  main  during  service.  This  riser  should 
terminate  in  a screen  to  keep  out  fish  and  other  large  matters. 
The  gates  controlling  the  flow  from  the  reservoir  can  be  placed 
outside  the  embankment  in  a manhole  or  gatehouse.  This  is 
the  simplest  arrangement  practicable,  and  is  applicable  to  the 
smallest  reservoirs  only;  and  even  in  these  a separate  mud  ’’ 
or  waste  ” pipe  is  preferable. 

Such  a screen  as  is  here  referred  to  cannot  well  be  cleaned 
without  removing  it  entirely.  Also  if  any  break  or  leak  occur 
in  the  outlet  pipe  above  the  gate,  the  flow  through  it  cannot 
be  stopped  except  by  emptying  the  reservoir,  before  which  the 
bank  would  probably  be  destroyed.  It  is  hence  better  to  provide 
gates  on  the  outlet  pipe  inside  of  the  reservoir;  and  duplicate 
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screens  which  can  be  removed  for  cleaning  and  replaced  without 
leaving  the  outlet  unprotected;  and  this  is  always  done  in  large 
reservoirs.  A vertical  flat  screen  does  not  become  obstructed 
so  quickly  as  a Horizontal  one  and  is  more  easily  removed  and 
cleaned,  and  is  consequently  preferable.  Such  a screen  may  be 
may  be  made  of,  say.  No.  lo  copper  wire,  |-inch  mesh,  in  a steel 
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Fig.  92. — Gatehouse,  East  Branch  Reservoir,  New  York  City. 


frame;  but  a copper  plate,  punched  to  form  a screen,  cleans  more 
easily.  Wire  screens  in  frames  of  almost  any  size  are  carried 
in  stock  by  companies  dealing  in  valves  and  other  water-works 
supplies. 

The  form  of  gatehouse  employed  is  ordinarily  on  the 
general  plan  of  that  shown  in  Fig.  92.  Any  one  screen  can 
here  be  removed,  a duplicate  one  meantime  being  in  service. 
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The  discharge  from  the  reservoir  can  be  passed  through  any 
or  all  outlet  pipes,  each  of  which  is  controlled  by  a gate  worked 
from  above  by  a stem  and  wheel.  Water  enters  the  gatehouse 
from  the  reservoir  through  several  openings,  aa,  in  the  wall, 
which  are  placed  at  different  elevations  and  controlled  by  sluice 
gates  to  permit  of  drawing  water  from  any  depth,  and  thus 
securing  the  purest  and  coolest.  The  lowest  one  should  be  a little 
lower  than  any  part  of  the  reservoir  bottom,  and  is  used  for 
emptying  the  reservoir,  or  drawing  off  the  foulest  water  before 
the  ‘‘  turn-over,’’  through  a mud  or  waste  pipe,  which  dis- 
charges below  the  dam,  generally  in  the  old  creek-bed. 

The  outlet  pipes  and  gatehouse  demand  the  most  careful 
attention,  the  firmest  foundation,  and  the  most  substantial 
construction.  The  foundation  of . the  gatehouse  should  rest 
on  the  same  material  as  does  the  dam  or  core  wall.  The  bottom 
should  be  absolutely  water-tight;  if  not  on  rock,  a broad  thick 
bed  of  concrete  forms  probably  the  most  desirable  foundation. 
The  wall  of  the  gatehouse  should  be  of  water-tight  concrete 
or  of  small  uncoursed  ashlar,  in  the  best  of  Portland  cement- 
mortar,  with  walls  of  such  thickness  that  no  stone  reaches 
entirely  through  them;  the  idea  being  to  make  the  walls  water- 
tight and  sufficiently  strong  to  support  the  outside  water 
pressure  when  the  gatehouse  is  empty,  or  the  pressure  of  ice. 
The  construction  of  the  gatehouse  should  be  such  as  to  prevent 
its  injury  by  ice  if  the  water  in  the  reservoir  rises  or  falls  while 
frozen  over,  or  by  the  expansion  of  ice  between  it  and  the  dam. 
To  insure  this  it  is  generally  better,  if  the  dam  be  of  masonry, 
to  have  the  gatehouse  built  against  or  as  a part  of  it.  In  the 
case  of  earth  dams,  the  gatehouse  is  generally  at  the  inside  foot 
of  the  embankment,  and  communication  with  it  is  afforded  by 
means  of  a foot-bridge  from,  and  on  a level  with  the  top  of, 
the  embankment.  In  a few  cases  the  gatehouse  has  been 
formed  by  sinking  a well  in  the  rock  at  one  end  of  the  dam, 
and  filling  it  through  a tunnel  or  open  cut  carried  from  it  into 
the  reservoir;  this  plan  avoiding  the  weakening  of  the  dam 
by  the  outlet  pipes.  In  the  Oak  Ridge  (East  Jersey  Water 
Company)  reservoir  this  plan  was  adopted,  the  gatehouse 
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and  inlet  and  discharge  channels  being  more  than  40  feet 
deep  in  solid  bed-rock.  The  gatehouse  is  floored  over,  gen- 
erally on  a level  with  the  top  of  the  dam;  and  is  covered  with 
a small  building  to  protect  the  gates  and  exclude  meddlesome 
intruders.  This  building  is  frequently  given  an  attractive 
appearance. 

The  outlet  pipes  should  make  a water-tight  connection 
with  the  gatehouse,  and  be  placed  on  a perfectly  firm  foun- 
dation, that  they  may  not  be  broken  by  settlement.  The 
bottom  of  the  reservoir,  for  several  feet  in  front  of  the  gate- 
house inlet  opening,  should  be  paved  to  prevent  washing. 

Where  a storage  reservoir  is 
not  necessary  and  a diverting  dam 
only  is  provided,  the  water  is  gen- 
erally drawn  off  from  at  or  near  the 
surface  of  the  stream.  For  this 
purpose,  instead  of  a gatehouse 
and  pipes,  an  opening  is  ordinarily 
made  in  one  end  of  the  dam,  lead- 
ing to  an  open  conduit,  this  open- 
ing being  controlled  by  sluice  gates. 
In  addition  to  the  gates  it  is  gen- 
erally desirable  to  place  in  front 
of  them  an  upright  grooved  frame 
with  flash-boards  sliding  in  the 
same,  and  a contrivance  by  which  an  opening  can  be  left 
between  flash-boards  at  any  elevation  at  which  it  is  desired 
to  draw  off  the  water.  This  opening  should  generally  be  kept 
a foot  or  two  below  the  water  surface,  that  both  floating  brush, 
leaves,  etc.,  and  the  heavier  matter  carried  in  suspension  may 
be  excluded  from  the  conduit.  As  sand  and  gravel  will  prob- 
ably collect  in  front  of  the  dashboard  weir,  another  opening 
is  generally  provided  in  the  bottom  of  the  dam  near  this  weir  for 
flushing  out  the  deposit  at  intervals. 


Fig.  93.-Headgates  and  Flushing- 
out  Sluices. 
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Art.  77.  Pumping  Station  and  Inlet  Details 

A pumping  station  should  generally  be  located  as  near  as 
possible  to  the  body  of  water  from  which  it  draws,  to  reduce 
both  friction  in  the  suction  pipe  and  the  possibility  of  its 
leaking  air  and  reducing  the  vacuum.  Boilers  should  be  above 
the  reach  of  floods;  and  their  foundation  should  be  extremely 
firm,  on  account  of  the  great  weight  to  be  supported,  which 
may  amount  to  250,000  pounds  or  more  for  each  boiler.  The 
pumps  also  must  be  protected  from  water,  but  it  may  be 
necessary  for  them  to  be  below  high  water  (see  Art.  63),  in  which 
case  they  are  generally  placed  in  a water-tight  pump  pit.  The 
walls  of  this  may  be  of  concrete,  or  stone  masonry,  or  of  sheet 
iron  or  steel;  and  the  well  is  usually  circular  in  plan,  this  giving 
the  greatest  strength.  To  reduce  the  size  and  cost  of  the  well, 
the  pumping  engines  only  are  placed  in  it,  and  these  are  gen- 
erally vertical  or  centrifugal  engines.  The  stairway  to  the 
bottom  of  the  well  can  be  made  to  follow  the  wall  in  a large  spiral. 
Water-tight  joints  must  of  course  be  made  where  the  suction  pipes 
pierce  the  wall  of  this  well. 

If  the  pump  is  on  the  surface,  the  suction  pipe  should  be 
carried  several  feet  beneath  the  ground  level  before  leaving 
the  building,  and  be  kept  at  this  depth  until  reaching  the  water, 
to  prevent  its  freezing  in  winter.  The  suction  pipe  should 
be  larger  than  the  discharge;  and  if  of  considerable  length  should 
be  of  such  size  that,  when  all  the  pumps  are  in  service,  the  veloc- 
ity of  flow  through  it  will  not  exceed  2 to  4 feet  per  second  for 
12-  to  36-inch  suctions  respectively.  It  should  be  laid  with 
unusual  care  to  obtain  tight  joints.  It  should  not  terminate  in 
a river  or  lake  wall  nor  near  the  bank  or  shore,  as  the  water  here 
is  more  liable  to  contain  fresh  sewage  and  floating  matter  than 
in  mid-stream.  The  best  location  and  design  of  the  inlet  will 
vary  with  the  circumstances.  It  should  be  placed  where  the 
water  is  purest;  in  a lake  especially,  this  will  generally  be  the 
furthest  possible  from  the  shore.  It  should  be  in  deep  water, 
as  this  is  ordinarily  cooler;  but  should  not  be  near  the  bottom, 
as  the  most  sediment  is  carried  there.  An  excellent  plan  is 
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Table  43 

SPACE  OCCUPIED  BY  PUMPS  OE  DIFFERENT  TYPES 


Size 

(Discharge 

Pipe.) 


Centrifugal  Pumps. 


Gallons 
per  Minute 
Capacity. 

Millions  of 
Gallons  per 
Day. 

Floor  Space, 
Inches. 

Height, 

Inches. 

Shipping 

weight. 

Pounds, 

Horizontal  Pumps,  including  Pulley. 


List  Price. 


5 

625-  750 

0.9-  1.08 

34X54 

35 

940 

S 165 

6 

900-  1080 

1-3-  1-56 

37X55 

40 

1180 

200 

8 

1600-  2000 

2.3-  2.9 

45X65 

46 

2065 

310 

12 

3600-  4300 

5.2-  6.2 

63X71 

52 

3615 

500 

18 

8800-10590 

12. 7-15.3 

90X105 

64 

9000 

1300 

Vertical  Pumps. 

5 

735 

1 .06 

35X45 

50 

785 

216 

6 

1050 

I-5I 

37X55 

55 

1100 

285 

8 

2000 

2.88 

45X60 

65 

1710 

445 

12 

4200 

6.05 

63X75 

72 

3200 

700 

18 

10000 

14.40 

98X125 

84 

7000 

1585 

Horizontal  Cross-compound  Engines  (Allis-Chalmers) . 

Assumed  head,  200  ft.;  piston  speed,  250  ft.  per  minute;  steam  pressure,  140  pounds. 
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that  of  terminating  the  inlet  in  a tower  somewhat  similar  to  a 
reservoir  gatehouse,  there  being  several  openings  at  different- 
levels  through  which  the  water  can  be  taken  as  desired.  In 
the  Nashville,  Tenn.,  waterworks  this  tower  is  hexagonal  in 
plan,  lo  feet  interior  diameter  and  85  feet  high,  of  stone  masonry 
on  solid  rock.  At  Cincinnati  is  a masonry  intake  about  140  feet 
high,  the  range  of  river  height  being  over  70  feet.  The  intake 
for  the  Chicago  water  works  is  4 miles  from  shore,  formed  of  a 
circular  double  steel  shell  70  feet  inside  diameter,  the  space 
between  the  shells  being  filled  with  concrete  so  as  to  form  a 
wall  24  feet  thick;  the  whole  resting  in  40  feet  of  water,  and  being 
50  feet  high  to  the  bottom  of  a masonry  superstructure.  The 
St.  Louis  masonry  inlet  tower  is  about  50  feet  high,  and  is  oval 
in  plan,  with  an  ice-breaker  pointing  up-stream.  The  Cleve- 
land intake  is  of  steel,  somewhat  similar  to  the  Chicago  one, 
100  feet  outside  and  50  feet  inside  diameter,  located  in  49  feet 
of  water. 

Such  inlet  towers  must  be  substantial  and  massive  enough 
to  resist  water  currents,  ice,  or  floating  logs,  and  are  conse- 
quently expensive.  They  are  also  an  obstruction  to  the  cur- 
rent in  a river,  and  to  shipping  in  a navigable  water  in  which 
situation  they  must  be  provided  with  a light-house. 

Instead  of  a tower,  a submerged  crib  is  frequently  used, 
especially  in  smaller  plants.  This  should  be  placed  where 
there  is  least  danger  of  silting,  and  it  is  desirable  to  make  its 
height  about  one-third  the  depth  of  the  water,  but  not  less 
than  3 nor  more  than  15  feet  high.  This  structure  is  essentially 
a wooden  crib,  weighed  with  stone  and  anchored  to  the  bottom 
in  some  way  to  prevent  movement  by  tides  or  currents,  this  being 
effected  by  surrounding  it  with  coarse  riprap,  or  piles,  or 
bolting  it  to  bed-rock.  It  may  have  openings  on  the  sides; 
but  it  is  in  most  cases  preferable  to  make  these  tight  and  take 
water  through  the  top  only,  which  is  provided  with  a coarse 
grating.  The  suction  or  intake  pipe  rises  into  the  center  of 
this  crib. 

The  total  area  of  the  inlet  openings  in  the  crib  should  be 
considerable  to  prevent  the  formation  of  a vortex  in  the  water 
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above,  which  will  cause  floating  matter  to  be  sucked  into  the  ' 
main;  and  to  prevent  the  entrance  of  “ needle  ” or  “ anchor  ’’ 
ice,  which  closes  the  openings  in  the  pier  or  crib  or  in  the  intake 
pipe,  or  may  reach  and  stop  the  screens  or  even  the  pump.  A 
very  little  motion  will  serve  to  carry  the  ice  needles  down  and 
into  an  intake  crib,  and  several  cities  have  suffered  water 
famines  for  several  hours  and  days  on  this  account. 
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Fig.  94. — Erie  Intake  Crib. 


Intakes  for  small  plants  in  shallow  water  are  frequently 
not  provided  with  a crib,  but  are  simply  an  upright  extension  of 
the  suction  pipe,  brought  up  to  a short  distance  below  the  water 
•surface  and  surrounded  with  concrete  or  riprap,  and  in  some 
cases  with  piles  to  protect  it  from  boats  or  floating  logs.  A 
great  number  of  small  cities  use  such  intakes,  and  they  give 
fairly  good  service  in  many  cases.  In  fact,  if  the  water  is 
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quite  shallow  the  use  of  a crib  may  be  practically  impossible 
in  Northern  streams,  where  the  going  out  of  the  ice  would 
carry  the  crib  with  it.  ,If  the  expense  is  not  prohibitive  it  is, 
in  such  a case,  desirable  to  place  a low  weir  dam  just  below 
the  intake,  to  raise  the  water  surface,  permit  the  use  of  a crib, 
and  prevent  damage  to  the  intake  from  ice  and  floating  timber. 

To  prevent  the  stoppage  of  an  intake  pipe  by  ice,  several 
devices  have  been  used.  In  one,  compressed  air  is  carried  by 
a small  pipe,  which  is  laid  in  or  fastened  to  the  outside  of  the 
intake  pipe,  and  delivered  under  the  horizontal  screen  which 
covers  the  intake  opening,  the  rising  bubbles  preventing  the 
ice  from  collecting.  In  another,  steam  from  the  engine  room 
is  applied  in  the  same  way. 

An  intake  pipe  of  tunnel  leads  from  the  intake  to  a suction 
well,  from  which  the  water  is  pumped;  or  the  pipe  may  act 
as  a suction  pipe  and  lead  direct  to  the  pump,  this  being  the 
common  arrangement  for  small  plants.  Large  lake  cities 
also  take  their  supply  through  tunnels  several  thousand  feet 
long;  but  smaller  supplies  are  generally  drawn  through  pipes, 
either  cast  or  wrought  iron,  laid  in  the  bed  of  the  stream  or 
lake.  These  should  be  laid  in  trenches,  to  protect  them  from 
currents  or  shifting  sands,  and  are  sometimes  covered  with  rip- 
rap as  a further  protection. 

If  filter  cribs  are  used  these  take  the  place  of  intake  cribs. 
The  intake  pipe  is  similar  to  that  from  an  ordinary  crib. 

Art.  78.  Ground-water  Plants 

Except  where  artesian  wells  flow  under  considerable  head, 
it  is  generally  desirable  to  be  able  to  draw  down  the  ground 
water  as  low  as  possible  in  the  well,  thus  increasing  the  flow. 
Since  pumps  can  raise  water  by  suction  only  20  to  25  feet  with 
any  efficiency,  it  is  frequently  necessary  to  lower  the  pump  to 
meet  these  conditions.  A surface  pump  may  be  used,  placed 
in  a pump  pit,  unless  it  is  desired  to  draw  the  water  down  to  a 
distance  of  more  than  40  or  50  feet  below  the  surface,  requiring 
a pit  more  than  20  or  25  feet  deep,  when  such  construction  is 
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not  often  employed,  but  deep-well  pumps  are  lowered  into  the 
wells  or  the  air  hft  is  used.  (An  exception  to  this  is  the  Rock- 
ford, 111.,  plant  where  centrifugal  pumps  were  placed  in  a pump 
pit  8o  feet  deep.)  The  efficiency  of  deep-well  pumps  and 
air  lift  is  so  much  lower  than  that  of  a good  reciprocating  pump, 
and  the  latter  is  so  much  more  accessible  for  repairs,  that  its 
use  is  recommended  wherever  possible.  Where  a large  dug 
well  is  the  means  of  supply,  the  pump  may  be  placed  in  this, 
the  boiler  being  on  the  surface,  and  the  whole  roofed  over. 
This  is  Hkely  to  cause  a pollution  of  the  water,  however,  and 
a better  plan  in  most  cases  is  to  place  the  pumping  station  near 
the  well,  connecting  the  two  by  a suction  pipe,  and  roofing 
over  the  well. 

If  the  wells  are  tube-wells,  they  are  ordinarily  coupled  to 
a main  collecting  pipe  which  passes  by  and  near  them,  the 
short  connecting  branches  being  furnished  with  valve  gates, 
that  any  well  may  be  put  into  or  out  of  service.  Unless  deep- 
well  pumps  are  used,  the  collecting  pipe  and  branches  should  all 
be  perfectly  air-tight — a result  often  difficult  of  attainment. 
In  spite  of  all  efforts,  some  air  is  likely  to  leak  into  the  collect- 
ing pipe,  and  this  air  should  be  removed  in  some  way;  especially 
if  the  collecting  pipe  be  connected  directly  to  the  pumps,  as  the 
presence  of  air  in  the  pumps  will  cause  them  to  “ pound.” 
The  only  practicable  method  of  accomplishing  this  seems  to 
be  to  place  an  air-drum  in  the  pipe  at  its  highest  point,  and 
remove  the  air  from  this  with  a vacuum  pump. 

If  the  pump  be  connected  to  the  collecting  pipe  and  draw 
directly  from  the  wells,  a sand-box  or  sand  interceptor  should 
be  placed  between  the  pump  and  the  wells  to  prevent  sand  from 
entering  and  cutting  the  pump  valves  and  plunger  or  piston. 
The  pump  may  draw  from  a suction  well  which  has  been  dug 
to  somewhat  below  the  depth  to  which  it  is  desired  to  lower  the 
ground  water,  the  collecting  pipe  being  laid  at  about  the  level 
of  the  pump  and  its  vertical  end  carried  down  to  near  the  bot- 
tom of  the  suction  well.  By  this  plan  the  water  is  siphoned 
into  the  suction  well,  which  also  acts  as  a small  reservoir  to 
permit  of  higher  rates  of  pumping  for  short  intervals  than  could 
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be  obtained  directly  from  the  wells.  The  suction  well  also 
serves  to  intercept  the  sand.  The  collecting  pipe  is  apt  to  fill 
with  air  at  its  highest  point,  and  this  should  be  near  the  pumps 
and  provided  with  an  air-drum,  and  arrangements  made  for 
removing  the  air  at  intervals. 

The  distance  by  pipe  from  the  pump  to  any  well  should 
be  as  short  as  possible,  and  the  collecting  pipe  of  such  size 
that  the  velocity  of  flow  in  it  shall  not  be  greater  than  2 or  3 
feet  per  second,  that  the  friction  loss  between  well  and  pump 
may  be  a minimum.  The  best  arrangement  for  obtaining 
this  result  is  to  place  the  pump  at  mid  length  of  the  collecting 
pipe.  If  two  or  more  water-bearing  strata  are  tapped  by  the 
wells,  these  may  be  all  connected  to  one  collecting  pipe;  but  if 
the  water  rises  naturally  much  higher  from  one  stratum  than 
from  another,  it  is  better  to  provide  a separate  suction  from 
each,  and,  if  more  than  one  pump  is  used,  so  arranged  that  either 
pump  can  draw  wholly  from  either  stratum  or  from  both 
combined. 

If  deep-well  pumps  are  used  one  must  be  placed  in  each 
well,  and  be  driven  by  separate  engines  or  working-heads. 
This  will  require  a building  of  some  kind  over  each  well;  and 
‘either  an  engine  to  each  pump,  or  one  engine  transmitting 
its  power  by  rope,  belt,  water  or  air  pressure,  or  electricity 
to  the  various  working-heads.  For  this  reason  deep  non- 
artesian  wells  should  be  given  large  casings  and  powerful 
pumps,  that  their  number  may  be  reduced  to  the  minimum. 

The  location  of  wells  has  already  been  referred  to.  It  is 
generally  desirable  to  drive  them  in  low  ground,  as  the  suction 
lift  of  the  pumps  is  thus  reduced  at  the  least  expense  of  pump- 
pit  excavation.  They  should  never  be  placed  along  the  direc- 
tion of  ground-water  flow,  but  as  nearly  as  possible  at  right 
angles  to  it.  The  most  desirable  spacing  will  vary  with  the 
soil,  volume  of  flow,  and  depth  to  which  pumps  lower  the 
water  in  the  well.  It  should  generally  be  such  that  the  ordinary 
pumping  of  one  well  will  have  little  effect  upon  the  simul- 
taneous yield  of  its  neighbors.  This  is  particularly  true  of 
deep  and  expensive  wells.  The  sinking  of  an  additional  well 
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between  any  two  others  will,  however,  almost  always  increase 
the  total  supply,  although  it  may  be  but  slightly;  and  if  the 
wells  are  shallow  and  cheaply  driven  they  may  be  placed  quite 
close  together.  At  the  Spring  Creek  station  of  the  Brooklyn 
water  works,  one  hundred  2-inch  wells,  30  to  42  feet  deep, 
were  placed  in  two  rows  14  feet  apart,  the  interval  along  each 
row  also  being  14  feet;  and  the  same  spacing  was  used  at  the 
Jameco  station,  where  are  183  2-inch  wells  from  27  to  73  feet 
deep. 

Water  enters  a well  through  a strainer,  which  contains 
openings  in  the  form  of  circular  holes  or  slots.  These  openings 
must  be  sufficiently  small  to  exclude  at  least  the  coarser  half 
of  the  soil  material  in  the  stratum  from  which  water  is  drawn, 
or  else,  if  the  holes  are  larger,  the  strainer  pipe  is  covered  with 
a fine  gauze  screen  of  brass  wire,  which  is  protected  by  an 
outer  heavy  screen  or  a tube  of  thin  pierced  metal  called  a jacket. 
Better  than  the  latter  is  a brass  pipe  provided  with  slots,  wider 
on  the  inside  than  on  the  out  to  prevent  sand  clogging  it. 
Instead  of  a gauze  screen,  perforated  pipes  wrapped  with  No.  14 
wire,  ten  to  fourteen  turns  to  the  inch,  is  a construction  ex- 
tensively used  in  the  lower  Mississippi  valley. 

The  strainer  is  generally  of  a length  equal  to  the  thickness 
of  the  water-bearing  stratum,  if  this  is  thin.  The  larger  the  area 
of  strainer,  the  greater  the  amount  of  water  that  can  enter  with 
a given  velocity  and  proportionate  loss  of  head.  On  Long 
Island  from  o.i  to  0.15  gallon  per  minute  per  square  foot  of 
strainer  surface  can  be  obtained  for  each  foot  of  head  by  which 
the  ground  water  surface  is  lowered  at  the  well  by  suction. 
(This  is  called  the  “ specific  capacity.”)  If  a million  gallons  per 
day  per  well  is  to  be  pumped,  the  well  should  be  14  or  16  inches 
diameter  to  keep  the  velocity  in  it  to  less  than  1.5  per  second. 
If  it  be  16-inch,  the  specific  capacity  o.i,  and  the  ground  water 
be  lowered  20  feet  by  pumping,  the  length  of  strainer  must  be 

1,000,000  ^ ^ - 

; T =82  feet.  If  the  specific  capac- 
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ity  be  0.15  and  the  ground  water  be  lowered  40  feet,  the  strainer 
could  be  shortened  to  28  feet.  Specific  capacity  varies  with 
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Fig.  95. — Deep  Well  with  Pump. 
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coarseness  of  grain  of  water-bearing  stratum  and  the  freedom 
with  which  the  water  enters  the  strainer. 

The  size  of  pipe,  length  of  strainer  and  number  and  spacing 
of  wells  are  seen  to  be  inter-related  to  the  amount  of  water 
desired  or  that  can  be  secured  from  each  well,  the  depth  and 
porosity  of  the  w^ater-bearing  stratum  and  the  amount  of  con- 
tinuous yield  of  such  stratum.  A test  well  and  one  or  two 
observation  wells  should  be  driven  and  the  supply  studied  from 


Fig.  96. — Infiltration  Crib,  Denver  Water  Works. 
(From  Trans.  Am.  Soc.  C.E.,  Vol.  XXXI.) 


these  when  the  wells  are  shallow;  but  if  the  supply  lies  deep, 
and  there  are  no  other  wells  in  the  vicinity  to  judge  by,  such 
observation  wells  would  be  too  expensive,  and  one  service  well 
should  be  driven,  each  water-bearing  stratum  encountered  being 
tested  by  pumping  at  different  rates  and  noting  drop  in  ground- 
water  surface  at  each  rate,  and  rate  of  rise  in  level  when  pump- 
ing stops.  From  these  data  an  opinion  must  be  formed  as  to 
desirable  size,  depth,  number,  and  spacing  of  well,  and  the  layout 
of  wells  and  location  of  pumping  station  planned  accordingly. 

Infiltration  cribs  and  galleries  are  practically  elongated 
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wells  roofed  over  below  the  surface.  Timber  ones  are  ordinarily 
made  on  the  general  plan  shown  in  Fig.  96.  They  should  ho- 
used only  where  the  entire  crib  is  always  immersed,  as  other- 
wise they  are  liable  to  decay.  A masonry  gallery  may  be  made 
in  the  form  of  a circular  sewer,  vith  a great  number  of  openings 
left  in  the  walls;  or  may  have  vertical  walls  and  an  arched  top, 
the  bottom  being  open  to  admit  the  water.  Brooklyn,  N.  Y., 
has  as  an  infiltration  gallery  about  six  miles  of  20  to  36-inch 
vitrified  sewer  pipe  laid  with  open  joints  10  to  15  feet  below 
normal  ground  water  level  and  surrounded  with  coarse  gravel. 
Infiltration  galleries  and  cribs  generally  lead  directly  to  or  are 
connected  by  pipe  vdth  a suction  well,  from  which  the  water  is 
pumped.  They  may  be  extended  from  time  to  time  as  the 
demand  increases,  always  crossing  the  line  of  ground-flow  ap- 
proximately at  a right  angle.  A manhole  should  be  pro\ided  to 
give  access  for  repairs  and  cleaning. 

Art.  79.  Purification  Plants 

Decision  as  to  the  kind  of  purification  necessary  should  be 
based  on  careful  consideration  of  the  principles  stated  in  Chapter 
I\",  in  the  light  of  information  concerning  the  water  obtained  by 
physical,  chemical  and  bacterial  analyses » and  a thorough 
sanitary  survey  of  the  watershed,  combined  with  knowledge  of 
the  geological  formations  from  which  it  is  obtained,  if  from 
underground  sources.  The  various  analyses  should  be  made 
at  intervals  throughout  at  least  a year,  to  determine  both 
qualitatively  and  quantitatively  the  impurities  imder  various 
conditions  of  high  water,  drought,  heat,  cold,  etc.  IMost 
large  cities  have  conducted,  during  such  a period  of  testing,  a 
series  of  experiments  in  purification  of  the  water  in  question  in 
small  plants  in  order  to  determine  exactly  what  methods,  pro- 
portions, and  details  of  purification  plant  wall  be  most  effective 
and  economical.  Without  at  least  a long-time  series  of  analyses, 
the  designer  cannot  be  sure  that  any  given  plant  wall  be  the  most 
satisfactory  possible  for  the  water  in  question.  Every  water- 
works superintendent  should  have  such  analyses  made  periodi- 
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cally  of  the  water  he  furnishes,  even  though  purification  may 
not  be  contemplated  for  many  years;  and  then,  when  it  is 
decided  on,  these  data  may  not  only  save  time,  but  will  undoubt- 
edly make  possible  a wiser  decision  than  would  otherwise  be 
possible. 

Having  decided  on  the  general  features  of  the  plant,  a 
definite  location  for  it  and  arrangement  of  its  several  units 
is  the  next  problem,  to  be  followed  by  the  planning  of  the  details. 

If  the  system  is  a gravity  one,  it  will  seldom  if  ever  be 
possible  to  place  the  purification  plant  above  the  impounding 
reservoir  without  pumping,  the  expense  of  which  is  to  be  avoided' 
if  possible.  If  a pressure  filter  is  to  be  used,  this  may  be  placed 
at  any  point  along  the  main  pressure  conduit,  although  the  nearer 
the  reservoir  the  better.  If  there  is  a distributing  reservoir,  the 
best  place  for  the  plant  is  generally  between  the  impounding  and 
distributing  reservoirs,  preferably  near  the  latter  for  convenience, 
but  the  land  available  will  probably  determine  the  site.  A 
filtration  plant  requires  a fairly  level  area,  except  for  small 
rapid  sand  filters  which  can  all  be  placed  in  one  small  building. 
No  sedimentation  reservoir  is  needed,  the  impounding  reser- 
voir serving  that  purpose;  but  a coagulating  reservoir  must  be 
provided.  If  there  is  not  a distributing  reservoir  below  the  plant, 
a “ clear- water  basin  ” must  be  provided  of  capacity  sufficient 
to  provide  for  daily  variations  in  consumption,  since  the  rate  of 
filtration  should  remain  fairly  constant  throughout  the  day. 
If  the  impounding  reservoir  feeds  directly  into  the  distribution 
system  and  it  is  not  desirable  to  reduce  the  head  more  than 
lo  feet  or  so,  the  plant  must  be  placed  at  some  point  just  below 
this  reservoir,  or  at  least  at  an  elevation  just  below  the  level 
of  low  water  in  it;  or  else  the  plant  may  be  placed  slightly  above 
the  reservoir  and  water  pumped  from  the  latter  to  the  filter. 
The  best  solution  of  this  problem  of  location  will  be  different  for 
almost  every  case. 

If  the  system  is  a pumping  one,  the  water  being  pumped 
direct  to  the  reservoir,  the  purification  plant  may  be  placed  at 
and  slightly  higher  than  the  reservoir  and  the  water  be  pumped 
directly  to  it.  But  if  the  system  is  a direct-indirect  one,  the 
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water  must  be  purified  before  it  enters  the  pumps;  and  this  is 
always  preferable  because  it  permits  economy  by  combining  the 
purification  and  pumping  labor  force,  it  lessens  the  wear  on  the 
pumps  by  giving  them  clearer  water  to  pump,  and  it  avoids 
danger  due  to  possible  tapping  of  the  pumping  main  for  a supply. 
In  this  case  the  water  must  generally  be  lifted  lo  to  30  feet  from 
river  or  lake  into  a sedimentation  basin,  and  this  fift  should  be 
minimized  by  placing  the  plant  as  low  as  possible.  Qn  some 
cases  the  water  can  be  led  by  gravity  to  the  plant  from  a point 
higher  up  stream.)  But  there  must  be  certainty  that  the  plant 
will  not  be  flooded  by  high  water;  which  is  sometimes  provided 
by  building  a dike  or  levee  around  it. 

Both  low-lift  pumps  to  sedimentation  basin,  and  high-lift 
pumps  to  distribution  system,  should  preferably  be  in  the  same 
building,  the  former  drawing  from  the  river  or  other  source 
of  supply,  the  latter  from  a dear-water  basin.  Iron  pipe  is  com- 
paratively cheap  and  this  arrangement  presents  no  difficulties, 
whatever  the  arrangement  of  the  several  units  of  the  plant.  In 
some  cases  river  or  lake  water  flows  by  gravity  to  a low-set 
sedimentation  basin,  and  the  low-lift  pumps  draw  from  this. 
This  is  especially  desirable  when  the  river  carries  much  sand, 
as  it  saves  the  low-lift  pumps  from  being  cut  by  the  grit;  but 
provision  must  be  made  for  continuing  operation  during  the 
highest  water. 

Chemical  solutions  are  difficult  to  handle  in  pipes,  and  the 
shorter  these  can  be  made  the  better.  Therefore  the  chemical 
mixing  and  applying  apparatus  should  be  located  as  near  as 
possible  to  where  most  of  the  chemical  is  to  be  applied;  and  it 
is  generally  desirable  to  place  the  laboratory  and  superintendent’s 
office  in  the  same  building.  It  is  preferable  that  the  pumping 
apparatus  be  in  a separate  building  to  avoid  the  jarring  of  the 
laboratory  appliances  by  machinery,  and  the  passing  of  coal 
dust,  ashes,  etc.,  and  of  heat  from  boiler  room  to  laboratory. 
Both  boiler  room  and  chemical  building  must  be  accessible 
to  teams,  or  better  still  to  a railroad  siding,  to  permit  supplying 
coal  and  chemicals.  The  rest  of  the  arrangement  will  be  decided 
largely  by  the  topography. 
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At  the  present  time,  except  for  the  windows  and  roof  of  the 
enclosing  building,  practically  all  the  structural  features  of  a 
purification  plant  are  made  of  concrete.  These  include  sedi- 
mentation tanks,  filters,  sand  bins,  wash-water  tanks,  and  con- 
duits and  galleries,  foundations  and  walls  of  buildings.  Wood 
should  not  be  used  about  the  plant  unless  possibly  in  cypress 
wash-water  tanks,  or  for  small  rapid  filters.  Steel  should  always 
be  free  for  inspection  and  not  buried  in  the  ground,  although  if 
thoroughly  embedded  in  concrete  it  is  free  from  corrosion.  Cast 
iron  is  comparatively  free  from  serious  rusting  or  corrosion  by 
most  of  the  chemicals  used  in  purification.  Tanks  for  acid 
coagulant  should  be  of  concrete  or  iron  lined  with  enamel, 
and  the  pipes  of  rubber,  glass  earthenware,  or  certain  acid- 
resisting  metals,  the  best  of  which  for  sulphate  of  alumina 
is  phosphor-bronze.  For  alkaline  solutions,  the  tanks  may  be 
of  iron  or  concrete,  and  the  pipes  of  iron.  For  bleach,  concrete 
or  pure  wrought  iron  may  be  used,  but  not  wood,  copper,  brass 
or  steel;  the  pipes  may  be  of  lead,  glass,  stoneware,  pure 
wrought  iron,  or  acid-proof  bronze. 

All  basins  should  be  water-tight.  If  those  built  in  the  ground 
are  not,  there  may  not  only  be  loss  of  water,  but  this  may 
soften  the  soil  beneath  and  permit  settlement;  or  impure  ground 
water  may  enter  the  porous  wall  and  pollute  the  water.  Angles 
and  junctions  of  walls  give  the  most  trouble,  and  it  is  well  to 
reinforce  these  points  with  rods  extending  several  feet  into  each 
wall.  In  the  case  of  long  concrete  walls  in  most  recent  plants, 
expansion  joints  are  provided  at  intervals;  and  such  joints 
are  placed  in  the  bottom  also,  the  joints  described  in  Chapter 
XIII  being  used.  It  is  not  so  essential  that  sedimentation 
basins  be  water-tight,  and  they  are  usually  quite  large;  conse- 
quently they  are  often  made  of  earth  embankments  with  sloping 
faces,  but  these  and  the  bottoms  should  be  covered  with  con- 
crete to  permit  ready  removal  of  the  sediment.  It  is  generally 
desirable  to  provide  two  or  more  basins,  and  this  is  effected  by 
placing  dividing  walls  in  one  large  basin;  these  walls  being  of 
reinforced  concrete  rather  than  of  earth,  to  economize  space. 

Slow  sand  filters  are  generally  roofed  over,  in  which  case  the 
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construction  is  similar  to  that  of  covered  reservoirs.  Offsets 
in  walls  and  columns  about  i8  inches  above  the  floor  are  some- 
times used  to  prevent  the  water  reaching  the  bottom  without 
passing  through  the  sand.  A drainage  system  is  built  in  the 
bottom  to  remove  the  filtered  water.  This  consists,  in  each  filter 
bed,  of  a main  drain  below  the  floor,  to  which  slopes  a pipe  lateral 
laid  in  each  row  of  the  inverted  arches  which  form  the  bottom. 
The  area  of  each  bed  is  made  between  .25  acre  and  i acre,  depend- 
ing upon  the  capacity  of  the  entire  plant;  it  generally  being 
desirable  to  have  at  least  four  beds,  of  which  any  three  can 
purify  the  maximum  demand  while  the  fourth  is  being  cleaned. 
A weir  is  provided  in  each  bed  at  the  highest  level  of  the  sand, 
over  which  the  entering  water  flows  at  low  velocity  so  as  not  to 
disturb  the  sand.  Provision  must  be  made  for  removing  and 
replacing  sand;  either  an  inclined  floor  leading  from  a wide 
entrance  at  ground  level,  down  to  the  sand  level,  or  pipes  for  use 
as  sand  ejectors. 

In  addition  to  the  filter  beds,  there  must  be  provision  for 
storing  and  washing  sand,  water  must  be  obtainable  under  pres- 
sure for  the  latter  purpose;  and  an  office  and  a chemical  and 
bacterial  laboratory  are  almost  essential.  Provision  should  be 
made  for  taking  samples  of  water  at  the  outlet  of  each  filter  bed 
and  of  the  unfiltered  water;  also  for  measuring  the  flow  from  each 
bed  and  the  height  of  water  on  each. 

Rapid  sand  filters  are  more  complicated  in  their  arrange- 
ment, especially  of  the  piping  or  other  conduits,  since  there  is 
generally  a greater  number  of  filters,  and  each  must  have  its 
own  pipe  for  admitting  unfiltered  water  and  filtered  wash 
water  (also  air,  when  this  is  used  in  washing),  and  for  removing 
both  filtered  and  wash  water.  Certain  of  the  details  ordinarily 
used  are  patented,  and  in  most  cases,  especially  in  the  smaller 
plants,  the  entire  plant  and  equipment  is  contracted  for  with 
one  of  the  companies  making  a business  of  filter  construction. 
In  a few  cases,  however  (e.g.,  Baltimore,  Md.),  the  entire  plant 
has  been  designed  by  the  city  and  let  out  by  contract  like  any 
construction  work.  Owing  to  the  unusualness  of  this,  however, 
no  effort  will  be  made  to  describe  the  designing  of  rapid  filters. 


384 


DESIGNING 


The  contract  should  define  the  efficiency  required  in  terms  of 
guaranteed  bacterial  content,  turbidity,  color,  hardness,  etc., 
of  the  effluent;  and  specify  how  elaborate  must  be  the  operating 
mechanism,  observation  and  recording  gages,  sampling  pumps, 
rate  controllers,  chemical  mixing  and  feeding  contrivances,  etc. 
For  a small  plant,  simple  hand-operated  contrivances  can  be 
used  for  all  these  purposes;  but  for  a large  and  elaborate  one, 
hydraulic  valves,  automatic  rate-of-flow  controllers,  automatic 
chemical  feeds,  and  devices  recording  every  action  of  each  bed 
are  generally  provided.  These  add  considerably  to  the  cost, 
but  enable  one  man  to  operate  a much  larger  number  of  beds 
and  ensure  more  certain  efficiency  of  filtration  than  would  other- 
wise be  possible. 

The  number  of  beds  generally  lies  between  four  and  twelve, 
and  the  practice  is  to  arrange  them  in  two  rows  with  a pipe 
gallery  between.  The  filters  may  be  entirely  housed  over,  or 
only  a few  feet  of  the  ends  next  to  the  pipe  gallery  may  be  inside 
the  building,  the  rest  being  outside  the  building  but  covered  with 
a flat  roof  a few  feet  above  the  sand.  The  pipe  gallery  is  gen- 
erally 6 to  20  feet  wide,  the  width  depending  largely  upon 
the  size  of  pipes.  Each  line  of  beds  extends  20  to  50  feet  from 
this  gallery;  making  the  extreme  width,  including  walls,  60  to 
125  feet.  As  about  350  square  feet  of  sand  area  is  provided  for 
each  million  gallons  per  day,  the  total  area  of  beds  may  be 
calculated.  Then,  allowing  for  walls,  the  area  required  to 
accommodate  the  filter  can  be  calculated.  The  dear-water 
basin  is  sometimes  placed  directly  under  the  filters,  in  other 
cases  adjacent  to  them.  There  must  also  be  a coagulating 
basin,  and  in  some  cases  a sedimentation  basin  also.  For  the 
sizes  of  these,  see  Chapter  IV. 

Art.  80.  Conduits  and  Distribution  Systems 

Canals  of  earth  construction  embody  the  same  principles 
as  do  earth  dams  and  reservoirs.  The  side  slopes  are  generally 
about  1 1 to  I,  the  tops  of  embankments  6 to  12  feet  wide.  The 
same  precautions  and  means  are  taken  to  prevent  leakage. 
Canals  with  masonry  walls  may  be  used  with  satisfaction 
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where  bed-rock  is  found  at  the  surface.  This  will  generally 
be  on  the  side  hills,  where  the  canal  will  be  formed  on  a bench. 
The  rock  will  then  form  the  bottom  and  usually  one  side,  and 
the  other  side  is  formed  by  a concrete  or  masonry  wall,  the 
stone  for  which  is  obtained  in  the  excavation.  The  wall 
should  be  at  least  2 or  3 feet  thick  on  top,  and  of  trapezoidal 
section.  For  masonry  it  is  better  to  use  small  “ one-man  ’’ 
stones,  laid  in  rich  cement  mortar  thoroughly  filling  all  joints. 
If  the  rock  is  at  all  seamy  or  porous,  the  canal  should  be  lined 
with  concrete  and  given  a cement  coating. 

Another  form  of  open  conduit  is  the  flume,  made  wholly  or 
partly  of  timber,  or  of  steel.  A rectangular  flume  is  shown  in 


Fig.  97.  A tighter  and  more  durable  flume,  known  as  the  stave 
and  binder  flume,  has  been  used  in  the  West.  Its  general  con- 
struction is  shown  in  Fig.  98.  In  this  the  bottom  is  made  like 
the  lower  half  of  a wood-stave  pipe,  but  vertical  sides  take  the 
place  of  a closed  top;  a binding-rod  passes  around  the  flume, 
its  ends  passing  through  the  two  ends  of  a cross-head  and  being 
provided  with  nuts  by  which  the  staves  are  forced  together. 
This  flume  is  supported  by  stiff  U-shaped  frames  of  T iron 
resting  on  wooden  bolsters  or  sills  and  spaced  8 feet  apart,  each 
frame  resting  on  concrete  foot-blocks. 

Flumes  resting  on  benches  should  be  supported  wholly 
by  the  original  soil,  and  in  no  place  by  filling.  The  sills  should 
be  raised  above  the  ground  a short  distance  and  supported  on 
solid  stone,  brick,  or  concrete  foot-blocks.  The  excavation, 
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SIDE  ELEVATION  CROSS-SECTION  WITH  T-RIB  IN  VIEW 

Fig.  98. — Stave  and  Binder  Flume. 


CONDUITS  AND  DISTRIBUTION  SYSTEMS 


387 


if  any,  should  be  carried  into  the  hillside  3 or  4 feet  beyond  the 
flume,  to  lessen  the  danger  of  this  being  damaged  by  stones  or 
earth  falling  from  above.  The  timber  used  should  be  that 
which  is  least  liable  to  decay. 

Creosoting  will  add  considerably  to  the  life  of  the  timber. 
Or  if  all  surfaces  intended  to  come  in  contact  are  first  painted 
with  hot  asphaltum  or  tar,  decay  will  be  considerably  delayed. 

Flumes  are  also  built  of  steel  plates  shaped  like  the  stave 
and  binder  flume  and  riveted  together,  supported  in  steel  yokes. 
Flumes  of  all  kinds  are  carried  across  valleys  on  trestles;  or 
the  valley  may  be  crossed  by  a pressure  conduit  connected  to  a 
flume  at  each  end.  A flume  must  of  course  follow  the  hydraulic 
gradient  of  the  line. 

A closed  gravity  conduit  may  be  made  by  covering  a 
flume  with  plank,  or  may  be  constructed  of  masonry.  The 
latter  plan  is  generally  adopted,  and  the  conduit  is  also  cov- 
ered with  a few  feet  of  earth  to  protect  it  from  frost  in  winter 
and  heat  in  summer,  and  from  malicious  damage.  It  is  generally 
circular  in  section  when  in  firm  soil,  this  shape  being  the  most 
economical.  It  may  be  made  of  brick,  stone,  or  concrete.  If 
of  brick,  two  concentric  rings  are  generally  employed  up  to  a 
diameter  of  about  5 feet;  three  rings  up  to  about  10  feet. 
When  on  the  surface,  or  on  a timber  or  other  foundation,  the 
“ horseshoe  ’’  section  is  ordinarily  employed,  having  an  arched 
or  flat  top,  vertical  side  walls  sufficiently  heavy  to  receive  the 
thrust  of  the  arch,  and  a flat  inverted  arch  at  the  bottom. 

The  foundation  of  a masonry  conduit  or  aqueduct  must 
be  absolutely  rigid,  since  the  least  settlement  and  crack  in  the 
aqueduct  may  lead  to  serious  results.  To  prevent  softening 
of  the  supporting  soil,  as  well  as  waste,  the  masonry  should 
be  water-tight.  The  Wachusett,  Mass.,  aqueduct,  where 
crossing  a valley  on  a masonry  bridge,  was  rendered  water-tight, 
in  spite  of  any  slight  settlement  of  the  bridge  arches,  by  lining 
the  channel  with  sheet  lead  weighing  5 pounds  to  the  square 
foot,  and  protecting  this  from  wear  by  an  inside  layer  of  brick. 

Conduits  under  pressure  cannot  be  built  of  stone  masonry, 
but  a few  have  been  built  of  reinforced  concrete.  (At  Victoria, 
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B.  C.,  27  miles  of  42-inch  reinforced  concrete  conduit  was 
constructed,  to  carry  a maximum  pressure  of  39  pounds  per 
square  inch.)  Large  pressure  conduits  are  sometimes  carried 
through  rock  in  tunnel,  generally  lined  with  concrete  to  reduce 
friction  and  prevent  leakage  or  seepage  into  the  conduit. 


Fig.  99. — Sections  of  Nashua  Concrete  Aqueduct,  Metropolitan  Water  Supply. 


The  majority  of  pressure  conduits  are  made  of  cast  iron, 
steel,  or  wood,  the  last  either  as  bored  logs  or  stave-pipe. 
In  the  metal  pipes  the  pressure  is  resisted  by  the  tensile  strength 
of  the  material  itself.  Bored  logs  exert  this  to  a certain  extent; 
but  if  to  sustain  much  pressure,  they  are  tightly  wrapped  with 
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wire  or  iron  bands.  Stave-pipes  rely  entirely  upon  iron  bands 
for  their  resistance  to  internal  pressure;  except  that  between 
these  the  stiffness  of  the  staves  prevents  springing  and  leaking. 

The  pressure  to  be  resisted  by  a pipe — that  is,  the  resultant 
component  of  all  forces  acting  in  any  one  direction  in  its  cross- 
section — equals  WhdL^  in  which  W is  the  weight  of  a cubic  foot 
of  water,  d is  the  diameter  of  the  pipe,  h is  the  head  upon  the 
center  of  the  pipe,  and  L is  the  length  of  pipe  considered.  If 
we  make  L i inch,  and  express  d in  inches,  making  W the  pres- 
sure upon  a square  inch  due  to  one  foot  head,  the  internal 
pressure  P = .^^^hd  pounds  per  lineal  inch.  This  is  resisted 
equally  (in  a circular  pipe)  by  both  sides,  and  hence  the  tension 

per  square  inch  of  metal  T = in  which  t is  the  thickness 

of  the  shell  in  inches,  h must  be  taken  as  the  maximum  head 
possible,  including  that  due  to  water-hammer;  and  a sufficient 
factor  of  safety  must  be  used,  which  will  vary  with  the  sub- 
stance employed.  A minimum  thickness  must  be  adopted,  below 
which  the  pipe  would  be  subject  to  distortion  or  breakage  by 
handling.  If  we  allow  200  pounds  for  water-ram  and  call  s the 
ultimate  tensile  strength  of  the  substance  used  and  F the  factor 

r r -I  r 1 r i ‘ 1 Mi  i (.434^  + 20o)g?F 

of  safety,  the  formula  for  thickness  wiU  be  t = . 

2S 

This  formula  does  not  apply  to  pipe  where  the  tension  is  sus- 
tained by  bands.  In  these  P = .434M  pounds  per  lineal  inch 

.^'\\hdb 

and  the  tension  m each  rod  is , in  which  h is  the  distance 

2 

between  bands  in  inches.  This  tensile  strain  is  of  course  acting 
in  every  part  of  either  pipe  or  band. 

The  minimum  limit  for  thickness  of  cast-iron  pipe  may  be 
taken  to  be: 


for  4-inch  diameter f in. 

for  8-inch  diameter in. 

for  lo-inch  diameter 

for  i6-inch  diameter 


t m. 
\ in. 


for  20-inch  diameter f in. 


for  24-inch  diameter li  in. 

for  30-inch  diameter f in. 

for  42-inch  diameter.  . . H in. 

for  48-inch  diameter | in. 

for  60-inch  diameter if  in. 


The  tensile  strength  of  ordinarily  good  cast  iron  may  be 
taken  at  18,000  pounds  per  square  inch.  Many  formulas 
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have  been  advanced  for  determining  the  thickness  of  pipe, 
allowing  for  minimum  thickness  and  tensile  strength.  That  of 
James  B.  Francis  is 


t = .000058M + .01 5 + .3 1 2 ; 


in  which  t and  d are  in  inches  and  h is  in  feet 
/ = .oooo6MH- .01556^ +.296 


is  used  by  the  Warren  Foundry  and  Machine  Company. 

Cast-iron  water  pipes  are  ordinarily  connected  by  hub-and- 
spigot  joints,  filled  with  melted  lead  which  is  “set  up  ” with 
calking- tools;  with  melted  “ leadite  ” (a  sulphur  compound 
that  is  not  calked),  or  in  some  cases  with  other  substances.  A 
joint  known  as  the  “ Universal  ” is  coming  into  increasing  use. 


FLANGE  JOINT 


HUB  AND  SPIGOT  JOINT 
Fig.  1 00. — Joints  of  Cast-iron  Pipe. 


being  a machined  taper  joint  that  is  drawn  together  by  bolts 
and  depends  on  perfection  of  contact  alone  for  water- tightness. 
For  indoor  work,  for  joints  which  it  is  desired  to  unmake  occa- 
sionally, and  some  other  conditions,  flanged  pipe  is  used;  but 
it  is  not  desirable  for  underground  work  because  of  its  inflex- 
ibility, and  is  more  expensive  than  the  hub-and-spigot  joint. 
The  flanges  of  flanged  joints  are  faced  down  to  a true  plane  at 
exact  right  angles  to  the  axis  of  the  pipe;  and  in  joining  them  a 
ring  of  packing-sheets  of  rubber  and  cotton,  corrugated  copper, 
lead  wire,  and  other  materials  are  used,  the  first  being  the  most 
common— is  placed  between  the  flanges,  which  are  drawn 
tightly  together  by  bolts. 

A standard  form  of  bell  and  spigot  and  standard  thicknesses 
of  cast-iron  pipe  for  different  diameters  and  different  pressures 
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liave  been  adopted  by  the  American  Water  Works  Assocation 
and  are  in  quite  general  use.  Eight  classes  are  provided,  called 
A,  B,  C,  D,  E,  Fj  G and  H,  and  designed  for  maximum  heads 
of  lOO,  200,  300,  400,  500,  600,  700,  and  800  feet  respectively. 
The  dimensions  and  weights  of  these  standards  are  given  in 
the  following  tables: 


The  letters  a,  b and  c in  the  table  refer  to  this  diagram. 


Table  No.  44 


A.  W.  W.  A.  STANDARD  DIMENSIONS  OF  PIPE 


Nominal 
Diam.  | 
Inches.  ! 

1 

i 

Classes. 

Actual 

Outside 

Diam. 

Inches. 

Dt.\M.  OF  i 

Sockets. 

Depth  of 
Sockets. 

a 

[ 

1 

b 

c 

Pipe, 

Inches. 

special 

Cast- 

ings, 

Inches. 

Pipe, 

Inches. 

Special 

Ca.st- 

ings. 

Inches. 

4 1 

A 

4.80 

5.60 

5-70. 

3-50 

4.00 

1-5 

1.30 

-65 

4 

B-C-D 

5.00 

5.80 

5-70 

3-50 

4.00 

1-5 

1.30 

.65 

6 

A 

6.90 

7.70 

7.80 

3-50 

4.00 

1-5 

1.40 

.70 

6 

B-C-D 

7.10 

7-90 

7.80 

3-50 

4.00 

1-5 

1.40 

.70 

8 

A-B 

9-05 

9-85 

10.00 

4.00 

4.00 

1-5 

1-50 

•75 

8 

C-D 

9 30 

10. 10 

10.00 

4.00 

4.00 

1-5 

1-50 

•75 

10 

A-B 

II . 10 

11.90 

12.10 

4.00 

4.00 

1-5 

1-50 

•75 

10 

C-D 

11.40 

12.20 

12.10 

4.00 

4.00 

1-5 

1.60 

.80 

12 

A-B 

13.20 

14.00 

14.  20 

4.00 

4.00 

1-5 

1.60 

.80 

12 

C-D 

13-50 

14-30 

14.  20 

4.00 

4.00 

1-5 

1.70 

85 

14 

A-B 

15-30 

16. 10 

16.10 

4.00 

4.00 

15 

1.70 

•85 

14 

C-D 

15-65 

16.45 

16.45 

4.00 

4.00 

1-5 

1 . 80 

•90 

16 

A-B 

17.40 

18.40 

18.40 

4.00 

4.00 

1-75 

1 . 80 

•90 

16 

C-D 

17.80 

18.80 

18.80 

4.00 

4.00 

1-75 

1.90 

1 .00 

18 

A-B 

19-50 

20.50 

20.50 

4.00 

4.00 

1-75 

1 . 90 

•95 

18 

C-D 

19.92 

20.92 

20.92 

4.00 

4.00 

1-75 

1 

2. 10 

105 
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Table  No.  AA— Continued 


Nominal 

Diam. 

Inches. 

Classes. 

Actual 

Outside 

Diam. 

Inches. 

Diam.  of 
Sockets. 

Depth  of 
Sockets. 

a 

b 

c 

Pipe, 

Inches. 

Special 

Castings, 

Inches. 

Pipe, 

Inches. 

Special 

Castings, 

Inches. 

20 

A-B 

21 . 60 

22.60 

22.60 

4' 

00 

4.00 

1-75 

2.00 

1 .00 

20 

C-D 

22.06 

23.06 

23.06 

4 

00 

4.00 

1-75 

2.30 

I-15 

24 

A-B 

25.80 

26.80 

26.80 

4 

00 

4.00 

2.00 

2.10 

1-05 

24 

C-D 

26.32 

27-32 

27.32 

4 

00 

4.00 

2.00 

2.50 

I.  25 

30 

A 

31-74 

32.74 

32.74 

4 

50 

4.50 

2.00 

2.30 

I-15 

30 

B 

32.00 

33-00 

33-00 

4 

50 

4.50 

2.00 

2.30 

I-15 

30 

C 

32.40 

33-40 

33.40 

4 

50 

4.50 

2.00 

2.60 

1.32 

30 

D 

32.74 

33-74 

33-74 

4 

50 

4.50 

2.00 

3.00 

1-50 

36 

A 

37-96 

38.96 

38.96 

4 

50 

4.50 

2.00 

2.50 

1-25 

36 

B 

38.30 

39-30 

39  30 

4 

50 

4.50 

2.00 

2.80 

1.40 

36 

C 

38.70 

39-70 

39.70 

4 

50 

450 

2.00 

3.10 

1 . 60 

36 

D 

39.16 

40.16 

40. 16 

4 

50 

4.50 

2.00 

3-40 

1 . 80 

42 

A 

44.20 

45.20 

45-20 

5 

00 

5.00 

2.00 

2.80 

1.40 

42 

B 

44.50 

45-50 

45-50 

5 

00 

5-00 

2.00 

3.00 

1-50 

42 

C 

45.10 

46.10 

46. 10 

5 

00 

5-00 

2.00 

3-40 

1-75 

42 

D 

45.58 

46.58 

46.58 

5 

00 

5-00 

2.00 

3.80 

I 95 

48 

A 

50.50 

51-50 

51.50 

5 

00 

5-00 

2.00 

3-00 

1-50 

48 

B 

50.80 

51.80 

51.80 

5 

00 

5-00 

2.00 

3-30 

1.65 

48 

C 

51-40 

52.40 

52.40 

5 

00 

5-00 

2.00 

3.80 

1-95 

48 

D 

51.98 

52.98 

52.98 

5 

00 

; 5-00 

2.00 

4.20 

2. 20 

54 

A 

56.66 

57.66 

57.66 

5 

50 

5-50 

2.25 

3.20 

I 60 

54 

B 

57-10 

58. 10 

58. 10 

5 

50 

5-50 

2.25 

3.60 

1 . 80 

44 

C 

57-80 

58.80 

58.80 

5 

50 

5-50 

2.25 

4.00 

2.15 

54 

D 

58.40 

59-40 

59  40 

5 

50 

5 50 

2 25 

4 40 

2.45 

60 

A 

62.80 

63.80 

63.80 

5 

50 

5-50 

2.25 

3-40 

1.70 

60 

B 

63.40 

64.40 

64.40 

5 

50 

5.50 

2.25 

3-70 

1 . 90 

60 

C 

64.  20 

65.20 

65.20 

5 

50 

5.50 

2.25 

4.  20 

2.25 

60 

D 

64.82 

65.82 

65.82 

5 

50 

5-50 

2.25 

4-70 

2.60 

72 

A 

75-34 

76.34 

76.34 

5- 

50 

5-50 

2.25 

3.80 

1.87 

72 

B 

76.00 

77.00 

77.00 

5- 

50 

5.. 50 

2.25 

4.  20 

2. 20 

72 

C 

76.88 

77.88 

77.88 

5- 

50 

5-50 

2.25 

4.60 

2.64 

84 

A 

87-54 

88.54 

88.54 

5- 

50 

5-50 

2.50 

4. 10 

2 . to 

84 

B 

88.54 

89 -54 

89.54 

5- 

50 

5-50 

2.50 

4-50 

2.60 

All  pipes  and  special  castings  should  be  made  of  cast  iron 
of  good  quality,  and  of  such  character  as  will  make  the  metal 


COXDUITS  AND  DISTRIBUTION  SYSTEMS 


393 


of  the  castings  strong,  tough  and  of  even  grain,  and  soft  enough 
to  admit  of  drilling  and  cutting  satisfactorily.  The  metal  should' 
be  made  without  any  admixture  of  cinder  iron  or  other  inferior 
metal,  and  should  be  remelted  in  a cupola  or  air  furnace. 


Table  No.  44 — Continued 


Nominal 

Diam. 

Inches. 

Classes. 

Actual 

Outside 

Diam. 

Inches. 

Diam. 

of 

Sockets, 

Pipe 

and 

Specials. 

Depth 

of 

Sockets, 

Pipe 

and 

Specials. 

1 

a 

b 

c 

R 

6 

E-F 

7. 22 

8.02 

4.00 

1-50 

1-75 

-75 

1 . 10 

6 

G-H 

7.38 

8.18 

4.00 

1-50 

1-85 

-85 

1 . 10 

8 

E-F 

9.42 

10.  22 

4.00 

1-50 

1.85 

.85 

1 . 10 

8 

G-H 

9.60 

10.40 

4.00 

1-50 

1-95 

-95 

1 . 10 

10 

E-F 

11.60 

12.40 

4-50 

1-75 

1-95 

-95 

1 . 10 

10 

G-H 

11.84 

12.64 

4 50 

1-75 

2.05 

1-05 

1 . 10 

12 

E-F 

13-78 

14-58 

4-50 

1 75 

2.05 

1.05 

1 . 10 

12 

G-H 

14.08 

14.88 

4-50 

1-75 

2. 20 

1 . 20 

1 . 10 

14 

E-F 

15  98 

16  78 

4-50 

2,'00 

2.15 

1 15 

1 . 10 

14 

G-H 

16.32 

17. 12 

4-50 

2.00 

2.35 

1 35 

1 . 10 

16 

E-F 

18.16 

18  96 

450 

2.00 

2.30 

1-25 

1-15 

16 

G-H 

18.54 

19  34 

4-50 

2.00 

2 • 55 

1 45 

1-15 

18 

E-F 

20.34 

21 . 14 

4-50 

2.25 

2.45 

1 . 40 

1-15 

18 

G-H 

20.  78 

21.58 

4 50 

2.25 

2.75 

1.65 

1-15 

20 

E-F 

22.54 

23-34 

4-50 

2.25 

2-55 

1-50 

1-15 

20 

G-H 

23.02 

23.82 

4-50 

2.25 

2.85 

1-75 

I . 20 

24 

E-F 

26.90 

27.90 

5 00 

2 25 

2.85 

1.70 

I . 20 

30 

E 

33-10 

34-10 

5.00 

2.25 

3 25 

1.80 

1 50 

30 

F 

33-46 

34-46 

5.00 

2.25 

3-50 

2.00 

1-55 

36 

E 

39.60 

40.60 

5.00 

2.25 

3-70 

2.05 

1.70 

36 

F 

40.04 

41-04 

5-00 

2.25 

4.00 

2.30 

1 . 80 

Cast-iron  pipe  'will  become  covered  with  rust  and,  with  some 
classes  of  waters  passing  through  it,  with  tubercles  unless  pro- 
tected with  a coating.  Several  substances  have  been  tried  for 
this,  but  that  which  has  proved  most  satisfactory  and  is  now 
in  general  use  is  known  as  coal-tar  pitch  varnish.  In  appl}ing 
this,  the  pipes  are  immersed  in  a hot  bath  of  boiling  coal-tar 
pitch  from  which  the  naphtha  compounds  have  been  distilled 
off  and  to  which  a small  amount  of  mineral  oil  has  been  added 
to  give  fluidity.  Both  casting  and  pitch  should  be  heated  to 
300°  when  the  pipe  is  immersed,  and  the  pipe  remain  in  the  bath 
for  five  minutes,  then  be  drained  of  superfluous  varnish. 


Table  No.  45. — a.  w.  w.  a.  standard  thickness  and  weights  of  cast-iron  pipe 
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The  above  weights  are  per  length  to  lay  12  feet  including  standard  sockets;  proportionate  allowance  to  be  made  for  any  variation. 
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Table  No.  46 


WATER  MAINS,  FIRE  HYDRANTS  AND  METERS  * 


Size  of  Cities. 

Population 
Served  per  Mile 
of  Main. 

No.  of  Fire 
Hydrants  per 
Mile  of  Mains. 

Per  cent  of 
Water  Con- 
sumption 
Metered. 

Cities  of  over  500,000  population 

1031 

II-3 

26 

Cities  of  300,000  to  500,000  population.. 

619 

8.1 

61 

Cities  of  100,000  to  300,000  population. . 

556 

8.3 

54 

Cities  of  50,000  to  100,000  population.. 

555 

7.3 

50 

Cities  of  30,000  to  50,000  population.. 

408 

6.8 

54 

* Compiled  from  report  of  U.  S.  Census  Bureau  for  the  year  1915. 


Table  No.  47 

RELATIVE  AMOUNTS  OF  DIFFERENT  SIZES  OF  WATER  MAINS  IN 
UNITED  STATES  CITIES  * 


Total 

Length, 

Miles. 

^3-inch 

and 

Under. 

% 

4-inch. 

% 

6-inch. 

% 

8-inch. 

% 

lo-inch 

% 

12-inch 

% 

14-inch 

and 

Larger. 

% 

Laid  during  the  year 
1915,  averages  of 

389  cities 

Total  in  servdce  in 

857 

5-7 

159 

41.0 

13-9 

5-4 

7.8 

10.3 

1916,  averages  of 
585  cities 

22,286 

5-8 

17.2 

43-5 

13.8 

4.6 

7-7 

7-4 

* Compiled  from  data  collected  by  “ Municipal  Journal.” 


Cast-iron  pipe  is  now  used  almost  universally  in  this  country 
for  distribution  systems,  and  also  for  small  conduit  lines  and  for 
some  large  ones  up  to  5 feet  diameter.  House  connections  are 
made  with  it  at  any  point  by  tapping  a hole  in  the  pipe  and 
screwing  in  it  a corporation  cock.  Larger  connections,  such  as 
branch  lines,  fire-hydrants,  blow-offs,  etc.,  are  made  by  means  of 
special  castings. 

Wrought  iron  or  steel  iri  thin  plates  is  used  in  several  ways 
for  water-pipe.  A small  pipe  may  be  made  of  a single  plate 
whose  edges  are  riveted  together  or  are  welded;  or  by  winding 
a long  narrow  plate  spirally  and  riveting  or  welding  the  spiral 
lap.  Larger  pipe  is  riveted,  with  lap-  or  butt-joints,  and  made 
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in  sections  15  to  30  feet  long,  each  formed  of  two  or  more  plates; 
either  every  second  section  of  lap-joint  pipe  being  made  smaller 


SECTION  ON  A 


BLOW-OFF  BRANCH 

Fig.  ioi. — Cast-iron  Pipe  Specials. 


than  the  others  and  fitting  tightly  into  their  ends,  or  each  pipe 
is  slightly  tapering,  one  end  forming  the  inside,  the  other  the 
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outside,  of  a lap-joint.  Another  method  of  uniting  the  sheets 
that  originated  in  Australia  and  is  now  used  in  this  country 
is  by  the  lock-bar;  a double-grooved  bar  receiving  the  edges 
of  the  sheet  and  binding  them  tightly  together  under  hydraulic 
pressure.  For  small  pipe  the  lap-weld  is  most  used;  and  for 
large,  the  riveted  lap-joint.  The  pipe  is  generally  made  in  15- 
to  30-foot  sections  in  the  shop,  and  these  riveted  together  in  the 
field.  For  convenience  of  joining,  small  wrought-iron  pipe  is 
sometimes  furnished  with  a cast-iron  bell  at  one  end  and  a narrow 
strap  for  a bead  at  the  other,  the  pipe  being  joined  with  lead 


LAP  JOINT 

TRANSVERSE  JOINTS  ’ LONGITUDINAL  JOINTS 

Fig.  102. — Wrought-iron  Pipes. 


as  is  cast  iron.  Most  small  pipe,  however,  is  joined  by  screw 
couplings. 

Wrought-iron  or  steel  pipe  is  made  much  thinner  than 
cast  iron,  both  because  the  tensile  strength  of  the  metal  is 
greater  and  because  it  can  be  made  more  uniform  in  character 
. and  thickness  of  metal  and  can  be  carefully  inspected  in  the 
sheet.  Also  much  lighter  pipe  can  be  handled  without  danger 
of  breaking.  The  thickness  is  determined  as  for  cast  iron,  but 
a lower  factor  of  safety  is  used.  Because  of  the  difference 
in  structure  and  thinness  of  the  metal,  this  pipe  rusts  through 
much  more  quickly  than  cast  iron,  and  hence  a protective  coat- 
ing is  even  more  necessary.  Large  wrought-iron  or  steel  pipe  is 
distorted  by  the  weight  of  the  back-filling  unless  the  earth  against 
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the  bottom  and  sides  be  -compactly  rammed  and  the  pressure  on 
the  top  be  evenly  distributed,  as  by  sand  or  gravel. 

Changes  of  direction  in  riveted  pipe  are  made  either  by 
use  of  short  sections  with  converging  or  beveled  end  planes, 
or  by  means  of  iron  castings.  Branches,  reducers,  and  all 
other  special  constructions  are  made  of  riveted  plates  in  large 
pipes;  and  of  riveted  plates,  but  more  often  of  iron  castings, 
in  small  pipes;  special  designs  being  generally  made  for  each 
case  in  the  riveted  work,  but  the  castings  used  being  stand- 
ard, as  for  cast-iron  pipe. 

The  metal  should  be  tough  and  elastic,  capable  of  shop 
and  field  riveting  without  any  injury,  and  have  a tensile  strength 
of  between  55,000  and  65,000  pounds,  an  elastic  limit  of  not  less 
than  30,000  pounds,  and  an  elongation  of  22^  per  cent  in  8 
inches.  Cold-bending,  punching,  and  similar  tests  also  are 
often  called  for.  Steel  from  o.i  inch  to  ij  inches,  or  perhaps 
even  thicker,  has  been  used  for  riveted  pipe. 

For  coating  steel  pipe  several  preparations  have  been  used, 
many  having  asphalt  as  a principal  ingredient.  Rochester, 
N.  Y.,  has  found  a mixture  of  equal  parts  of  refined  asphalt  and 
refined  coal  tar  satisfactory.  Asphalt  dissolved  in  bisulphide  of 
carbon  P.  & B.”)  and  other  compounds  have  been  found 
satisfactory  in  other  cities. 

Wrought-iron  pipe  weighs  about  10.  i pounds  per  lineal  foot 
for  each  foot  of  circumference  and  each  quarter-inch  of  thick- 
ness (the  width  of  laps  being  added  to  the  pipe  circumference 
and  length);  and  steel  about  10.2  pounds  for  the  same  unit 
dimensions.  Or,  weight  of  steel  pipe, 

TF  = 4o.8/(3.i4i6^/-f /)  (L+l), 

in  which  t is  the  thickness  of  metal  in  inches,  d is  the  diameter 
of  pipe  in  feet,  L is  the  length  of  pipe,  and  I is  the  lap  at  either 
longitudinal  or  circular  joints. 

Riveted  steel  pipe  is  generally  cheaper  than  cast  iron  for 
sizes  larger  than  30  to  36  inches,  but  not  for  smaller  sizes.  It 
is  not  often  used  in  distribution  systems,  one  serious  objection 
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being  the  difficulty  of  making  service  connections  to  such  a 
thin  shell. 

Steel  pipe  is  adapted  for  bridge  crossings  and  other  locations 
subject  to  vibrations  or  slight  movements  that  tend  to  start 
leaks  in  lead  joints. 

Small  galvanized  steel  pipe,  2 inches  diameter  or  even  less, 
has  been  used  for  distributing  pipes  where  only  a few  dwellings 
were  to  be  served  and  no  fire  protection  to  be  afforded. 

Wrought-iron  pipe  coated  inside  and  out  with  cement  has 
been  used,  but  its  use  has  been  practically  abandoned.  By 
its  use  the  tensile  strength  and  uniformity  of  sheet  metal  is 
obtained,  the  cement  coating  protects  it  from  rust  and  gives 
it  stiffness,  and  does  not  impart  a taste  to  the  water  as  does 
the  tar  coating  used  on  cast-iron  pipes.  But  cast-iron  pipe 
many  times  as  strong  as  the  wrought  iron  now  costs  less  laid  in 
the  line,  is  less  liable  to  damage  from  handling,  is  more  easily 
laid,  and  service  connections  can  be  made  with  it  more  readily. 
In  many  cases  the  cement-lined  pipe  has  been  entirely  destroyed 
by  minute  cracks  in  the  cement,  which  would  permit  rust  to 
form  in  the  iron  and,  if  on  the  outside,  roots  to  enter  and  peel 
off  the  cement  from  the  outside  of  the  pipe.  However,  if  the 
cement  lining  is  put  on  properly  and  good  materials  used, 
this  pipe  has  some  advantages  over  cast  iron,  particularly 
where  there  is  much  trouble  from  tuberculation. 

Wood  pipe  offers  certain  advantages  over  iron,  particularly 
where  the  cost  of  the  latter  material  or  of  transportation  is 
excessive.  It  is  also  free  from  injury  by  electrolysis.  If  the 
pressure  is  at  all  high,  however,  the  pipe  must  depend  upon 
iron  or  steel  bands  for  strength;  and  the  pressure  must  be 
less  than  that  which  will  cause  the  bands  to  crush  the  wood 
fibers.  The  life  of  the  wood,  if  it  be  alwa},^s  saturated,  should 
be  indefinite,  and  that  of  the  pipe  therefore  depends  upon 
the  bands. 

Wood  pipe,  of  bored  logs  for  small  sizes  or  of  staves  banded 
with  iron  bands  for  larger  ones  up  to  48  inches  and  from  4 to  12 
feet  long,  are  used  in  the  distribution  systems  of  a number 
of  small  cities.  It  has  been  made  to  stand  a pressure  of  170 
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pounds  with  safety.  The  joints  are  made  with  tenon  and 
socket.  Iron  castings  are  used  for  branches  and  other  large 
connections,  while  for  service  connections,  corporation  cocks 
with  lag  screw  threads  are  screwed  into  the  pipe. 

Wood-stave  pipe  has  been  used  for -many  years  for  large 
conduits,  such  as  flumes  for  water-wheels  in  New  England 
and  for  hydraulic  mining  in  the  West.  But  during  the  past 
thirty  years  it  has  come  into  extensive  use  for  water-supply 
conduits.  It  has  been  used  for  pressures  up  to  85  pounds  when 
made  of  redwood  or  Douglas  fir;  the  limit  depending  upon 
the  ability  of  the  wood  to  resist  crushing.  The  life  of  the 
wood  should  be  considerable,  although  where  exposed  to  the 
air  in  a diy^  climate  evaporation  keeps  the  outside  nearly  dry 
and  decay  sometimes  occurs.  The  steel  bands  should  be  coated 
with  protective  paint,  and  if  possible  should  be  repainted  when- 
ever necessaiy\  But  wEen  the  pipe  is  buried  the  bands  cannot 
be  repainted.  To  enable  them  to  resist  rust  as  long  as  possible 
they  should  be  of  round  rather  than  of  flat  metal;  when  their 
life  should  be  at  least  fifty  years  in  ordinary'  soils. 

The  pipe  is  made  of  a number  of  staves  of  variable  length 
having  radial  edges  and  concentric  faces,  which  staves  are  held 
together  as  a pipe  by  metal  girth  bands,  usually  round  in  sec- 
tion, the  interval  between  bands  being  governed  by  the  internal 
pressure  in  the  pipe.  The  staves  must  be  thin  enough  to  secure 
complete  saturation  and  to  bend  readily  if  the  pipe  is  built  to 
a curve,  but  must  be  thick  enough  to  prevent  undesirable 
percolation  through  them.  The  bands  must  be  so  spaced  that 
the  length  of  stave  between  bands  will  not  bulge  out  in  the 
slightest  under  water  pressure  and  that  the  pressure  will  not  be 
sufficient  to  crush  destructively  the  fiber  beneath  the  band. 
The  staves  generally  run  from  about  inches  thick  for  30-inch 
pipe  to  2f  inches  for  7 2 -inch,  and  the  bands  from  J inch  diameter 
for  the  smaller  pipe  to  f inch  for  the  largest.  The  tensile  stresses 
resisted  by  the  bands  are  the  sum  of  the  initial  stress  caused  by 
bolting  up  during  construction,  the  pressure  of  the  water  within 
the  pipe,  and  the  swelling  of  the  staves. 

The  staves  are  made  to  break  joints  in  the  pipe.  The  butt 
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joints  are  made  by  driving  into  kerfs  sawed  in  the  end  of 
each  stave  thin  steel  plates  about  inches  long  and  somewhat 
wider  than  the  stave.  The  bands  are  cinched  by  fastening  the 
two  ends  of  each  band  into  a cast-iron  shoe,  one  end  being  pro- 
vided with  a thread  and  nut.  The  bottom  of  the  shoe  is  made 
to  fit  the  outside  of  the  pipe.  Curvxs  are  made  in  the  pipe  by 
simply  bending  the  staves  during  construction,  which  is  carried 
on  in  the  field,  the  pipe  being  built  in  its  final  position.  Small 
branches,  air-escapes,  etc.,  are  attached  by  fastening  castings 
on  the  outside  of  the  pipe  by  means  of  bands. 

Wood-stave  pipe  should  not  be  coated  on  the  inside,  as 
this  would  prevent  the  saturation  of  the  wood  and  permit 
decay. 


Fig.  103. — Air  Escape  Valve. 


On  all  pressure  conduits,  blow-offs  should  be  pro\dded  at  low 
points  for  use  in  flushing  dirt  out  of  the  pipe,  and  at  every  sum- 
mit there  should  be  an  air  escape.  If  any  summit  is  below 
the  hydraulic  gradient,  the  escape  must  be  in  the  form  of  a verti- 
cal pipe  carried  above  the  hydraulic  gradient;  or  else  so  con- 
trived as  to  permit  air  to  escape,  but  no  water,  one  form  of 
which  is  shown  in  Fig.  103,  h being  a float  which  remains  up  and 
keeps  the  opening  d closed  while  the  box  is  full  of  water,  but 
falls  and  opens  d as  air  rises  into  the  box  and  lowers  the  water. 
If  a fire  hydrant  or  service  connection  be  placed  at  a summit, 
the  air  can  escape  through  this  and  the  use  of  an  air  escape 
valve  is  unnecessary.  For  large  pipe,  especially  if  of  steel  or  wood 
stave,  the  air  valve  should  be  large  (an  open  pipe  carried  verti- 
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cally  above  the  hydraulic  gradient  is  often  used),  to  admit  air 
rapidly  in  case  of  a break  or  other  sudden  discharge  at  a low  - 
point,  which  would  tend  to  cause  a vacuum  at  the  high  point. 
Several  steel  pipes  have  collapsed  where  such  provision  was  not 
made. 

Location.  The  most  desirable  line  from  a reservoir  or  intake 
to  the  point  of  utilization  is  a straight  one,  if  the  country  be  level 
and  such  a location  be  not  expensive  in  right  of  way.  But 
detours  in  a hilly  country  may  make  as  short  a line,  or  one 
requiring  less  heavy  pipe,  and  less  lift  if  pumping  be  employed; 
and  such  a detour  may  be  necessary  to  avoid  going  above  the 
hydraulic  gradient.  It  is  largely  a question  of  expense,  and  the 
choice  between  routes  should  be  made  by  comparing  their 
cost,  taking  account  of  length  of  conduit,  thickness  of  pipe 
necessary,  accessibility  and  cost  of  right  of  way,  special  river- 
crossings,  trestles,  etc.,  required,  and  increased  pumping  expense 
or  size  of  pipe  due  to  lengthened  line.  A gravity  conduit  can 
be  carried  over  a summit  above  the  hydraulic  gradient  * by 
use  of  a siphon;  but  this  needs  special  attention  to  remove 
the  accumulated  air  frequently,  and  is  not  advisable  unless 
within  easy  reach  of  the  pumping-station  or  a maintenance 
force.  The  air  may  be  removed  by  a small  vacuum-pump;  or 
it  may  be  collected  in  an  air-tight  tank  connected  with  the  summit 
of  the  pipe,  the  air  in  the  tank,  as  often  as  it  nearly  fills  this, 
being  replaced  with  water  by  closing  a valve  at  the  bottom  of 
each  leg  of  the  siphon  and  pouring  water  into  the  tank. 

In  warm  climates  closed  conduits  may  be  placed  upon  or 
near  the  surface,  although  this  would  render  the  water  too 
warm  for  city  supplies.  But  in  cold  climates  this  would  lead 
to  the  bursting  of  the  pipes  by  freezing;  and  they  must  be 
protected  from  this,  generally  by  burying  in  the  ground.  Open 
conduits  also  in  such  climates  should  have  thick  walls,  or  earth 
banked  against  them,  to  prevent  contraction  of  the  channel  by 
ice  forming  on  the  inside.  Pipes  through  which  water  is  always 
circulating  are  frequently  left  uncovered  where  crossing  bridges, 
without  freezing;  and  as  a general  rule  it  may  be  said  that  this 
is  permissible  when  the  length  of  exposed  pipe  in  feet  is  not 
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greater  than  ten  times  the  square  of  the  diameter  in  inches,  and 
the  velocity  of  flow  is  at  least  one-fourth  of  a foot  per  second. 
The  danger  that  the  flow  will  entirely  stop  at  nighttime  is  so 
great,  however,  that  it  is  better  to  box  in  such  pipe,  and  fill  the 
box  with  mineral-wool,  asbestos  or  some  other  non-conductor. 

Water  pipes  in  New  England,  northern  New  York,  and 
the  entire  northern  tier  of  states  should  generally  be  placed 
not  less  than  5 feet  below  the  surface;  south  of  these,  to  the 
southern  tier,  4^  to  4 feet  is  the  customary  depth;  and  in 
the  Southern  states  3 or  even  2 feet  is  permitted  for  small 
pipe,  although  when  so  near  the  surface  it  is  in  danger  of  being 
broken  by  heavy  teams.  A gravity  closed  conduit,  if  on  the 
surface,  should  be  covered  to  at  least  the  above  depth  on  top 
and  sides.  The  above  measurements  are  to  the  center  of  the 
pipe. 

A pipe  conduit  should  rest  upon  a firm  foundation.  If 
in  rock,  the  bottom  of  the  trench  should  be  covered  with  gravel, 
sand,  or  loam  well  rammed  for  the  pipe  to  be  bedded  on.  The 
pipe  should  slope  continuously  (but  not  necessarily  uniformly) 
to  the  main  depressions,  where  blow-offs  are  provided  discharg- 
ing into  a near-by  creek  or  sewer  for  removing  any  sediment; 
sags  in  the  line  favoring  accumulations  of  sediment  at  the  low, 
and  of  air  at  the  high,  points.  The  blow-off  may  be  an  ordinary 
T,  a gate  valve,  and  a short  piece  of  pipe  leading  to  the  sewer 
or  creek;  but  it  is  better  to  substitute  for  the  ordinary  T the 
blow-off  T shown  in  Fig.  loi. 

Curves  of  long  radius  may  be  made  of  chords  connected 
by  eighth-bends,  or  by  making  a slight  angle  at  each  joint. 
A 4-inch  pipe  may  be  swung  2 to  2^  feet  out  of  a straight  line, 
an  18-inch  pipe  10  or  12  inches,  and  a good  joint  still  be  made. 
But  more  than  this  should  not  be  attempted,  as  the  lead  joint 
cannot  take  a strong  shape  or  be  well  calked  if  there  be  too 
much  angle.  Even  greater  angles  have  been  made  at  joints 
of  “ Universal  ” pipe. 

In  crossing  streams,  the  water-pipe  may  be  laid  in  the  bed 
of  the  stream  or  carried  over  on  a bridge.  The  former  plan 
is  often  expensive,  and  the  detection  and  repair  of  leaks  is 
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difficult.  There  is.  also  danger  in  some  cases  that  freshets 
will  carry  away  the  pipe.  On  the  other  hand,  on  a bridge 
there  are  \’ibrations  tending  to  cause  leaks,  and  freezing  is 
possible;  also  the  bridge  must  have  additional  strength  to 
support  the  pipe  and  its  contained  water.  Over  a stone  or 
concrete  arch  the  pipe  can  be  laid  underground  as  in  a street, 
and  the  only  danger  is  that  of  the  freezing  of  the  pipe  wffiere  the 
covering  both  above  and  below  it  is  thin,  as  it  may  be  over 
the  center  of  the  arch.’  Where  there  is  no  bridge,  the  pipe 
must  generally  be  placed  in  the  stream  bed.  If  the  pipe  is  car- 
ried on  a bridge  floor,  the  joints  at  the  elbows  at  the  top  and 
bottom  of  the  piece  connecting  the  pipe  on  the  bridge  with 
that  under  ground  are  apt  to  pull  apart,  and  should  be  tied 


together  by  long  bolts  and  clamp  rings;  or  steel  pipe  may 
be  substituted  for  cast  iron  across  the  bridge  and  for  at  least 
2 or  3 feet  beyond  the  elbows  at  each  rising  end. 

Ordinarily  the  pipe  is  simply  placed  in  the  trench,  the 
joints  made,  and  the  trench  refilled  with  such  tamping  as  is 
required  by  the  nature  of  the  ground  or  street  surface.  But 
where  the  pipe  line  passes  under  a railroad,  a building,  or 
other  structure  causing  considerable  pressure  upon  the  soil, 
it  is  desirable  to  protect  the  pipe  from  this,  and  to  protect 
the  structure  from  being  undermined  by  a break  in  the  pipe. 
In  the  case  of  a small  pipe,  the  latter  may  be  effected  by  enclos- 
ing this  pipe  in  a larger  one.  But  a much  better  plan  is  to  build 
a hea\^  arch  of  brick  or  concrete  over  the  pipe,  and  fill  the  space 
around  the  pipe  with  sand  or  good  earth. 
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For  shutting  off  the  flow  at  any  point  in  a pressure  con- 
duit, gate  valves  with  screw  stems  are  used.  Sliding-stem 
valves,  check  valves,  or  any  kind  of  valve,  hinged  or  otherwise, 
by  which  it  is  possible  to  close  the  opening  rapidly  should 
not  be  employed  where  the  pressure  is  more  than  lo  pounds. 
Valves  on  underground  pipe  are  reached  through  boxes  which 
surround  the  top  and  stem  of  the  valve,  or  in  some  cases  enclose 
the  entire  valve,  and  extend  to  the  surface,  where  they  are  closed 
by  a cover.  Valves  on  12-  or  15-inch  pipe  or  less  generally 
stand  with  the  stem  vertical,  and  the  box  is  either  a standard 
pattern  of  cast  iron,  or  is  built  around  the  valve  with  brick. 
Larger  valves  would  ordinarily  rise  too  near  the  surface  if  erect, 
and  are  laid  upon  their  sides;  and  the  largest  are  worked  by 
gearing.  These  larger  valves  require  that  a manhole  be  built 
around  them,  similar  to  a sewer  manhole. 

All  rubbing  surfaces  of  valves  should  be  of  bronze,  and 
all  parts  sufficiently  strong  to  resist  the  greatest  pressure  (in- 
cluding water-hammer)  which  can  come  upon  either  side  of 
the  gate.  Each  valve  should  be  tested  in  place  for  leaks  in  the 
stuffing-box  or  elsewhere. 

The  location  of  valves  and  fire  hydrants  has  already  been 
discussed.  Post  fire  hydrants  (those  extending  above  the 
surface  of  the  street)  are  most  commonly  used.  They  are  gen- 
erally placed  upon  the  same  side  of  the  street  as  is  the  pipe 
(this  giving  the  shortest  connecting  pipe  or  branch)  and  just 
inside  of  the  curb.  The  branch  pipe  may  be  4 inches  for  2^-inch 
nozzles  only,  but  if  a fire-engine  nozzle  is  furnished  on  the  hydrant 
no  less  than  a 6-inch  pipe  should  be  used.  For  ordinary  locali- 
ties two  hose  nozzles  and  an  engine  nozzle  are  sufficient.  Each 
nozzle  may  be  furnished  with  an  independent  valve,  but  this 
is  not  common.  The  main  valve  is  placed  at  the  base  of  the 
standpipe  or  barrel  of  the  hydrant,  and  may  be  either  a sliding 
gate  valve,  or  a compression  valve;  and  the  latter  may  close 
against  or  with  the  pressure.  All  these  have  been  used  with 
satisfaction;  and  if  the  material  and  workmanship  are  good 
a clear  and  large  waterway  and  easy  curves  at  the  bends  are 
more  important  than  the  style  of  valve.  It  is  desirable  also 
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that  it  be  possible  to  remove  the  valve  and  stem  for  repairs  or 
new  “ leather  ” without  having  to  dig  around  the  hydrant. 

When  the  main  valve  is  closed  after  use,  the  hydrant  will 
be  full  of  water.  If  this  remains  there  in  cold  weather,  it  is 
apt  to  freeze  and  burst  the  hydrant,  and  hence  a ‘‘  drip  ” should 
be  provided  which  will  always  be  open  when  the  hydrant  is 
closed,  and  only  then.  Through  this  the  water  escapes  from 
the  hydrant,  and  should  be  led  away  before  it  can  freeze. 
This  is  best  accomplished  by  connecting  to  the  drip  a i-inch 
pipe  leading  to  a sewer  or  drain.  If  there  be  no  drain  near 
by,  the  excavation  around  the  hydrant  and  branch  may  be 
filled  with  broken  stone  for  a height  of  a foot  or  i8  inches, 
which  will  receive  the  water  in  its  interstices  and  from  which 
it  will  gradually  soak  into  the  ground.  If  the  soil  is  any  but  the 
hardest,  .the  hydrant  should  be  set  upon  a large  flat  stone  or  a 
bed  of  concrete  to  prevent  it  from  settling  into  the  ground  when 
this  becomes  wet  from  the  drip.  A large  stone  or  small  pier 
of  masonry  should  be  wedged  tightly  between  the  back  of 
the  hydrant  opposite  the  branch  and  the  solid  earth  to  prevent 
the  impulse  of  entering  water  from  forcing  the  hydrant  off  of 
the  branch. 

If  the  branch  leads  from  a main  lo  to  12  inches  or  more 
in  diameter,  it  should  always  be  provided  with  a gate  valve  just 
outside  the  hydrant,  that  any  injury  to  this  may  be  repaired 
without  closing  the  main  pipe;  and  such  valve  is  desirable  on 
all  hydrant  branches.  A frost-case  is  sometimes  used,  i.e. 
a cylinder  of  iron  fitting  loosely  around  the  hydrant  barrel 
at  and  for  2 feet  or  more  below  the  ground  surface,  to  prevent 
the  “ frost  ” from  “ heaving  ” the  hydrant,  which  the  ground 
surface  in  this  case  does  not  touch.  The  use  of  this,  however, 
is  being  largely  discontinued  as  being  unnecessary. 

The  depth  at  which  the  branch  is  laid  should  be  at  least  as 
great  as  that  of  the  main,  since  the  former  is  the  more  liable 
to  freeze,  there  being  no  flow  through  it  most  of  the  time. 

When  placed,  at  a corner  where  a large  and  small  main 
intersect,  the  hydrant  branch  should  generally  lead  from  the 
larger  pipe.  Fire  hydrants  should  not  be  placed  directly  in 
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front  of  buildings  needing  especial  protection  or  which  would 
furnish  a very  hot  fire,  but  one  should  be  preferably  about 
150  or  200  feet  on  each  side  of  such  point,  as  in  the  former  posi- 
tion they  would  be  inaccessible  in  time  of  fire  on  account  of  heat 
or  falling  walls. 

Probably  ten  times  as  many  fire  hydrants  are  injured  by 
sprinkling-cart  drivers  as  in  any  other  way,  where  these  take 
water  directly  from  the  hydrants.  This  should  not  be  per- 
mitted, but  “ water  cranes  ” — contrivances  especially  designed 
for  filling  sprinkling-carts — should  be  placed  at  convenient 
points;  and  all  but  firemen  should  be  forbidden,  under  a heavy 
penalty,  from  opening  a fire  hydrant.  A space  under  each 
crane  should  be  paved  to  catch  the  drip  and  leaking  of  carts, 
which  pavement  should  be  connected  with  the  sewer,  or  with 
the  gutter  if  there  be  no  other  drain. 

The  sizes  of  the  main  conduits  leading  to  a city  are  readily 
calculated  by  the  laws  of  hydraulics  if  the  fall  in  the  hydraulic 
gradient  and  the  maximum  quantity  of  flow  are  known.  The 
gradient  is  the  grade  of  the  conduit  itself  if  this  be  open.  If  it 
be  closed,  but  if  there  be  an  open  conduit  or  reservoir  at  each 
end  and  the  closed  conduit  be  uniform  in  bore,  it  is  the  line 
of  uniform  fall  from  one  open  end  to  the  other. 

A conduit  must  carry,  with  the  available  head,  the  maximum 
rate  per  minute  and  still  leave  a sufficient  pressure  head  at  the 
point  of  supply.  The  gradient  will  then  have  one  end  at  an 
elevation  directly  above  the  town  equal  to  the  desired  pressure 
head,  the  other  at  a distance  below  the  reserv^oir  surface  equal 
to  the  entrance  and  velocity  head;  the  difference  between  these 
two  elevations  being  the  head  available  for  overcoming  friction 
in  the  pipe.  If  the  pipe  be  continuous  and  of  uniform  bore, 
the  gradient  will  be  a straight  line  connecting  these  points. 
If  a pump  raise  the  water  to  the  town,  the  end  of  the  gradient 
will  be  at  a distance  vertically  above  the  pump  equal  to  the 
pressure  head  in  the  main  at  the  pump.  Thus,  in  Fig.  105,  if 
A be  the  pressure  head  at  the  town,  the  line  CE  be  horizontal, 
and  D he  Si  point  at  a distance  above  the  pump  equal  to  the 
pressure  head  at  the  pump,  and  the  line  CD  will  be  the 
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hydraulic  gradient,  DE  being  the  friction  head.  D can  of  course 
be  raised  to  any  height,  and  thus  the  gradient  be  given  any 
desired  fall.  A should  be  at  least  150  feet  for  cities,  if  possible, 
and  100  feet  for  suburban  districts  and  villages. 

The  maximum  rate  of  consumption  may  be  taken  as  about 
200  per  cent  of  the  average  annual  rate,  plus  the  rate  for  fire 
purposes.  For  example,  for  a city  of  10,000,  if  the  pressure  and 
nozzle  size  be  such  as  to  discharge  a fire  stream  of  250  gals,  per 
minute,  3000  gallons  per  minute  will  be  the  maximum  amount 
required  for  this  purpose;  other  consumption  would  have  a 

10,000X200  . . ^ 

maximum  of,  say,  — 7— = 1400  gals,  per  minute,  or 


a total  of  4400  gals,  per  minute  as  a maximum  flow  to  be  pro- 
vided for. 

Calculating  the  sizes  of  the  pipes  required  for  a city  dis- 
tribution system  is  a very  complex  problem.  If  MA,  Fig.  106, 
is  the  main  conduit,  and  H a fire  hydrant  in  service,  the  supply 
for  this  will  come  partly  through  each  of  the  pipes  BI,  AG,  and 
DF,  with  perhaps  some  flow  through  KE.  BK  will  supply  a large 
part  of  the  discharge  at  N,  and  DE  of  that  at  0,  although  a 
considerable  amount  for  each  will  come  through  AG  and  FI. 
It  might  be  possible  to  so  arrange  and  proportion  the  pipe 
that  the  supply  for  any  one  fire  hydrant  would  come  equally 
through  all  connecting  lines.  But  this  would  not  be  an  econom- 
ical arrangement,  and  the  plan  generally  adopted  is  to  design 
a skeleton  system  of  mains  and  fill  in  intermediate  streets  with 
local  distributing  pipes.  This  gives  more  pressure  along  the 
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main  lines  than  on  the  intermediates,  and  hence  these  lines  might 
be  placed  where  are  the  highest  or  most  important  buildings,  if 
there  be  any  difference  in  this  respect.  In  general,  the  mains 
may  pass  through  every  second  or  third  street  running  in  one 
direction,  and  every  fourth  to  eighth  in  the  other,  the  remain- 
ing streets  being  filled  with  6-inch  pipe,  or  perhaps  4-inch  in 
short  blocks  (a  practice  not  recommended  by  a great  many  engi- 
neers) ; it  being  assumed  that  all  the  supply  passes  through  the 
larger  mains,  which  is  an  error  on  the  safe  side.  For  instance, 
it  is  assumed  that  in  Fig.  106,  AG  carries  the  entire  supply  for 
the  line  TU  and  all  the  area  to  the  right  of  it,  or  i of  the  entire 
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R 


S 


Y 


Q 


ordinary  consumption.  For  fire  supply,  any  area  greater  than 
half  the  city  should  be  provided  to  receive  the  entire  supply 
designed  for  the  city;  and  any  area  less  than  half,  with  such  part 
of  twice  this  supply  as  said  area  is  of  the  entire  area  of  the  city; 
and  a supply  for  at  least  five  or  six  fire  streams  should  be  pro- 
vided for  the  smallest  area.  AG  should  therefore  carry  i of  1400 
gals,  plus  3000  gals.,  or  4100  gals,  per  minute.  G4  should  be  given 
a capacity  of  J of  1400  plus  f of  3000,  or  2470  gals,  per  minute. 
In  designing  sizes  of  mains,  provision  should  be  made  for  any 
extensions  of  the  system  during  the  next  few  years  (see  Art.  7). 
Where  more  than  one  line  of  mains  larger  than  6-inch  feeds  a 
given  section,  the  combined  capacity  of  these  may  be  made 
equivalent  to  the  capacity  computed  as  above,  each  carrying  a 
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part  of  this  proportional  to  the  area  directly  fed  by  it,  or  to  the 
importance  of  such  area  from  a fire  risk  point  of  view. 

A 6-inch  line  should  not  extend  for  more  than  600  to  1000 
feet  between  principal  mains;  nor  a 4-inch  for  more  than 
400  or  500  feet.  If  the  vertical  streets  in  the  figure  are  to 
be  filled  with  6-inch  pipes,  it  is  hence  necessary  to  supply 
more  mains  crossing  the  6-inch  lines,  as  at  TV,  Z3,  and  1-2. 
Each  of  these  may  be  made  of  one-half  the  capacity  of  all 
the  branches  leading  from  it;  for  instance,  TV,  Z3,  etc.,  may 


have  a diameter  of 


4 


3X62 


= 7.4,  8-inch  being  the  next  largest 


commercial  size.  The  remaining  lines  may  now  be  made 
4-inch,  if  this  size  be  used;  otherwise  these  also  would  be  6-inch. 
If  the  pipes  are  subject  to  tuberculation,  4-inch  pipe  should 
certainly  be  avoided,  the  effect  of  tuberculation  upon  the  size 
being  so  great. 

In  the  above  the  term  “ capacity  ” of  pipes  has  been  used 
as  a convenient  one,  but  “ capacity  with  a given  uniform 
friction  head  ” is  imphed.  If  4500  gals,  per  minute  is  to  pass 
through  MG,  the  loss  of  head  and  hence  the  pressure  head  at 
G can  be  found.  If  we  fix  a minimum  pressure  head  of,  say, 
150  feet  to  exist  at  2 with  six  fire  streams  pla}dng  in  the  section 
WQ,  the  head  at  G minus  150  will  give  that  available  for  fric- 
tion loss  in  carr}dng  1500  gals,  of  water  per  minute  through 
G4  and  4-2.  If  we  fix  the  capacity  of  4-3  as  times,  and  G4 
as  4I  times,  that  of  3-2,  we  may  assume  a size  for  3-2,  as  8-inch, 


and  4-3  will  then  be  ^ ^ or  9.26  inches;  and  G4  will  be 

4 


kH4-5) 


v'  (1-5) 

:,  or  13.9  inches  diameter.  The  head  lost  in  passing 


V(4-S)' 

1500  gals,  per  minute  through  pipes  of  the  given  lengths  and 
the  above  sizes  is  then  calculated.  If  the  total  friction  head  thus 
found  differs  by  more  than  10  per  cent  from  that  available 
(less  than  10  per  cent  need  not  be  considered,  as  the  commer- 
cial sizes  of  pipe  will  not  permit  of  small  changes  in  size),  the 
assumed  sizes — 8,  9.26  and  13.9  inches — may  be  changed  by 
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use  of  the  formula 


in  which  / and  d are  the  total 


lost  head  as  calculated  and  the  assumed  diameter  of  the  pipe; 
/'  is  the  available  friction  head,  and  d'  the  diameter  sought. 
No  considerable  refinement  in  these  calculations  is  called  for, 
since  the  commercial  sizes  of  pipe  will  be  used;  and  the  assump- 
tion that  all  the  flow  to  2 passes  through  3-2  is  by  no  means 
true,  since  probably  a fourth  of  it  or  more  comes  through  G12; 
also  the  estimate  of  maximum  rate  of  consumption  can  be  made 
by  no  means  accurately. 

Where  it  is  supposed  that  an  extension  wall  at  some  future 
time  be  made,  a special  should  be  inserted  for  this,  with  a plug 
leaded  and  calked  in  the  bell  of  the  opening.  At  Q,  for  instance, 
a cross  should  be  placed,  and  the  right-hand  branch  plugged. 


Art.  81.  Standpipes  and  Tanks 

Standpipes  are  made  of  wrought  iron  or  steel,  or  of  concrete; 
the  majority  in  recent  years  being  of  steel,  although  good 
wrought  iron  is  probably  more  reliable  for  this  purpose.  But 
good  wrought  iron  has  for  years  been  difficult  to  obtain.  A 
few  special  designs  have  been  employed,  but  generally  a stand- 
pipe is  circular  in  plan  and  of  uniform  diameter  throughout,  rest- 
ing upon  a masonry  foundation.  It  is  sometimes,  but  not  gen- 
erally, roofed  over.  Standpipes  are  much  exposed  to  winds,  and 
hence  should  generally  be  anchored  in  some  w^ay,  or  provided 
with  guys.  When  placed  upon  level  ground,  the  lower  30  to 
100  feet  are  in  most  cases  useless  for  either  pressure  or  storage, 
and  this  part  of  the  pipe  is  frequently  replaced  by  a tower, 
the  whole  thus  becoming  an  elevated  tank  upon  a tower. 

The  minimum  height  required  for  pressure  is  calculated 
by  the  methods  already  given.  If  the  country^  be  flat,  to  obtain 
a head  which  would  enable  fire  streams  to  be  thrown  to  the 
desired  elevation  by  gravity  might  require  a standpipe  200  feet 
or  more  high.  Hence  the  domestic  supply  alone  is  frequently 
considered,  and  steam  fire  engines  are  relied  upon  for  fire 
streams,  the  head  being  sufficient  to  bring  to  any  hydrants 
and  connected  steamers  the  desired  quantity.  For  this  pur- 
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pose  there  should  be  some  pressure  at  the  hydrants  when  the 
mains  are  delivering  the  maximum  fire  requirement,  allowance^ 
being  made  for  friction  in  the  mains.  There  should  be  con- 
tained in  the  tank,  above  the  elevation  required  for  this  pres- 
sure, sufficient  water  to  provide  fire  service  while  the  boiler 
fires  are  being  started  up  and  the  pumps  enabled  to  supply  the 
demand,  even  after  a night’s  domestic  consumption  without 
pumping.  This  probably  should  be  about  one-fourth  the  daily 
maximum  consumption  plus  the  water  required  for  fire  service 
during  thirty  minutes.  This  storage  is  supplied  by  a combina- 
tion of  height  and  width.  If  the  height  be  great,  the  pressure 
on  the  lower  plates  of  the  tank  is  excessive,  as  is  that  in  the  dis- 
tribution pipes  and  plumbing,  and  the  pumping  must  be  against 
this  great  head.  On  the  other  hand,  if  the  standpipe  be  made  of 
great  diameter  both  its  cost  and  that  of  the  foundation  are 
increased. 

STEEL  STANDPIPES 

Whether  or  no  a standpipe  shall  continue  to  the  surface 
or  shall  rest  upon  a tower  is  determined  largely  by  financial 
and  aesthetic  principles.  The  difference  in  cost  between  tower 
and  standpipe  will  not  often  vary  greatly  but  for  considerable 
heights  or  capacities  the  tower  is  probably  the  cheaper.  A 
standpipe'  is  at  best  an  unsightly  object,  although  some  archi- 
tectural beauty  has  been  obtained  by  surrounding  the  pipe  with 
a masonry  tower  in  a few  instances.  A more  graceful  structure 
can  be  formed  by  a carefully  designed  steel  tower,  an  example  of 
which  is  given  in  Fig.  107,  the  elevated  tank  of  the  Iowa  State 
Agricultural  College,  designed  by  Prof.  A.  Marston.  As  he 
states:  “The  only  legitimate  means  for  enhancing  the  archi- 
tectural appearance  of  an  engineering  structure  of  this  kind 
are  to  select  pleasing  proportions  and  graceful  outlines,  and  to 
employ  only  neat,  strong-looking  details.  Any  use  of  sham 
ornaments  is  entirely  out  of  place.”  This  tank  is  24  feet  in 
diameter  and  40  feet  high,  with  hemispherical  bottom,  the  total 
height  being  168  feet.  A few  tanks  have  been  raised  upon 
masonry  towers,  but  this  construction  is  not  common. 
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If  a Standpipe  rather  than  a tank  is  used,  the  stability  against 
overturning  must  be  considered,  and  this  stability  increases 
directly  as  the  diameter.  The  standpipe  may  be  empty  during 

a strong  wind,  and  the 
resistance  to  overturning 
then  depends  upon  the 
weight  of  the  steel  and 
the  anchorage  of  this  to 
the  foundation.  Calcu- 
lations of  several  diame- 
ters and  corresponding 
heights  should  be  made 
to  determine  the  most 
economical  dimensions; 
each  plan  providing  the 
desired  water  capacity 
above  a certain  eleva- 
tion above  the  ground. 

The  size  of  the  tank 
having  been  decided 
upon,  and  its  general 
design,  the  thickness  of 
plates  can  be  calculated. 
The  stress  in  each  side 
of  the  tank  per  vertical 
inch,  due  to  the  con- 
tained water,  as  in  the 
case  of  water  mains,  is 
determined  by  the  for- 

mula5  in  which 

2 

S is  the  tension  in  each 
Fig.  107. — Elevated  Water  Tank.  side  per  vertical  inch,  H 

is  the  height  of  water  in 
feet  above  the  point  in  question  and  d is  the  diameter  of  the  pipe 
in  inches. 

This  stress  must  be  resisted  by  the  tensile  strength  of  the  steel, 
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including  the  vertical  joints  between  plates.  There  is  little 
variation  in  the  stress  except  the  slow  change  due  to  the  rising, 
or  falling  of  water  in  the  standpipe  (that  is,  nothing  resembling 
water  hammer);  the  only  additional  stress  that  ordinarily  can 
possibly  be  exerted  horizontally  is  that  due  to  ice  freezing  either 
on  the  surface  of  the  water  or  around  the  inside  of  the  shell. 
One  or  two  standpipes  have  been  ruptured  by  the  expansion  of 
ice  so  forming,  but  this  is  extremely  unusual  and  will  not 
happen  with  ordinary  precautions.  Consequently  although  the 
damage  done  by  a bursting  standpipe  or  tank  may  be  consider- 
able, a factor  of  safety  of  4 is  generally  considered  ample,  or  5 
if  abundant  safety  is  desired  or  there  is  danger  from  ice. 

The  plates  and  the  horizontal  joints  between  them  have  to  . 
sustain  the  weight  of  the  plates  above,  but  this  weight  is  much 
less  than  can  be  sustained  by  single-riveted  joints  and  plates  of  a 
thickness  required  by  the  hydrostatic  pressure.  Wind  pressure 
tends  to  cause  a tension  on  the  windward  side,  thus  lessening  and 
possibly  even  exceeding  the  compressive  stress;  but  it  increases 
the  compression  on  the  leeward  side.  The  wind  pressure  on  a 
cylindrical  surface  is  generally  taken  at  20  to  30  pounds  per 
square  foot  of  vertical  section  of  the  cylinder;  and  the  pressure 
per  lineal  inch  of  seam  on  a leeward  seam  due  to  wind  would  not 

PH^  . ^2 

exceed  or,  if  P = 2^  pounds,  1.33—;  P being  the  wind 

OttD  D 


pressure  per  square  foot,  H the  height  of  tank  above  the  seam 
and  D the  diameter,  both  in  feet.  The  compressive  stress  per 


lineal  inch  of  joint  due  to  weight  is 


W W . . 

or  .026  — , in  which  TT 

I27ri^  D 


is  the  total  weight  of  that  part  of  tank  above  the  joint  in  question. 
Therefore  the  maximum  total  compressive  stress  on  a horizontal 
. . . 2PH^  + W 1. 33^2-1- .o26tT 

= D • 

A standpipe  is  made  of  plates,  generally  5 feet  high  between 
horizontal  joints  and  6 to  9 feet  long  measured  around  the  cir- 
cumference. The  joints  may  be  lap  or  butt  (with  the  plates  lap- 
ping a few  inches,  of  with  the  edges  brought  into  contact),  the 
latter  having  a cover  plate  or  welt  on  one  or  both  sides  of  the  joint 
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to  hold  the  plates  together,  rivets  being  used  in  either  case  to 
bind  the  plates  together.  Punching  rivet  holes  in  a plate  weak- 
ens it  in  the  line  of  the  holes.  The  tension  on  the  joint  is  resisted 
by  the  shearing  strength  of  the  rivets  and  the  friction  between  the 
plates  at  the  lap  caused  by  the  binding  effect  of  the  rivets.  The 
shearing  strength  of  rivets  is  somewhat  greater  when  they  pass 
through  three  plates,  the  outer  two  of  which  pull  in  one  direc- 
tion and  the  middle  one  in  the  opposite  direction;  hence  a butt 
joint  with  two  cover  plates  (“  double- welt  butt  joint  ”)  is  stronger 
than  one  with  one  plate  or  than  a lap  joint.  It  is  more  expensive, 
however,  requiring  more  metal  in  both  cover  plates  and  rivets 
and  more  labor  of  riveters.  The  strength  of  a joint  varies  with 
the  spacing  and  size  of  rivets;  but  in  ordinary  practice  a lap  of 
single-welt  joint  has  the  following  efficiencies  (ratio  of  joint- 
strength  to  strength  of  plate):  Single-riveted  joint,  .54  to  .58; 
double-riveted,  .67  to  .71;  triple-riveted,  .73  to  .76.  A double- 
welt triple-riveted  joint  should  have  an  efficiency  of  .85  to  .89. 
It  is  apparent  that,  by  changing  from  a single-riveted  lap  joint 
to  a double-welt  triple-riveted  butt  joint,  the  plate  could  be 
reduced  36  per  cent  in  thickness.  This  saving  in  metal  would 
be  partly  balanced  by  the  two  cover  plates  and  additional  rivets, 
and  the  labor  would  be  greater.  Where  heavy  plates  are  used  to 
resist  high  pressures,  however,  triple-riveted  joints,  either  lap 
or  butt,  are  commonly  used. 

The  stress  on  a plate  multiplied  by  the  factor  of  safety  and 
divided  by  the  efficiency  of  the  joint  adopted  gives  the  tensile 
strength  necessary  for  the  plate ; and  this  divided  by  the  strength 
of  steel  per  square  inch  gives  the  thickness  of  steel  necessary. 
The  thicknesses  of  plates  generally  vary  by  sixteenths  of  an  inch, 
and  for  each  plate  there  is  selected  the  next  greatest  standard 
thickness  to  that  calculated  for  its  lower  edge. 

For  example,  assume  a tank  100  feet  high,  25  feet  diameter, 
triple-riveted  lap  joint,  strength  of  steel  55,000  pounds  per  square 

inch.  Then  the  thickness  of  the  bottom  plate  would  be 

2se 

in  which  / is  the  factor  of  safety,  s the  tensile  strength  per  square 
inch  of  the  steel,  and  e the  efficiency  of  the  joint,  or 
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^ .434X100X300X4  ^ 

t = =.031. 

2X55,oooX.75 

This  is  a little  over  H,  and  ri-inch  plate  should  be  used.  If  a 
single-riveted  lap  joint  were  used,  the  thickness  would  be  rt-inch. 

The  formula  would  give  the  top  ring  of  plates  a thickness  of 
^ inch;  but  this  would  be  too  thin  to  hold  its  shape  and  would 
be  collapsed  by  a high  wind,  and  the  thinnest  plate  used  is  J inch, 
or  occasionally  A,  and  this  should  be  stiffened  by  riveting  an 
angle  iron  (bent  to  the  proper  radius)  around  the  top  edge. 
This  minimum  thickness  is  continued  down  to  the  point  where  the 
calculation  demands  a greater  one;  and  the  joints  are  made 
single-riveted  down  to  the  point  where  this  no  longer  gives  the 
required  strength. 

The  relation  between  thickness  of  plates  and  diameter  of 
rivets  that  will  give  maximum  strength  has  been  determined  by 
the  Navy  Department  to  be  as  follows: 


Thickness  of  plate. 
Diameter  of  rivet. . 

Less  than  ^ 

¥ 

to  4 

1 

2 

f to  A 

5 

8 

l^to  i 

3 

4 

Dof 

7 

8 

1 to  I 

I 

The  centers  of. rivets  should  be  distant  from  the  edge  of  the 
plate  at  least  if  times  their  diameter.  In  double  and  triple- 
riveting the  distance  from  center  to  center  of  rows  of  rivets  should 
be  at  least  2j  diameters  in  lap  joints  and  2J  diameters  in  butt 
joints. 

In  case  the  horizontal  joints  are  lapped,  the  rings  may  be 
truly  cylindrical  and  every  alternate  one  fit  inside  the  rings  next 
above  and  below;  or  they  may  be  slightly  conical,  the  upper 
edge  of  each  being  outside  the  lower  edge  of  the  one  above. 
If  the  standpipe  rests  directly  upon  a masonry  foundation,  the 
bottom  or  bedplate  has  little  tension  to  resist,  but  may  rust  more 
or  less;  and  as  the  side  or  shell  is  riveted  to  it,  it  must  have 
strength  to  resist  the  tearing  out  of  these  rivets  when  the  shell 
tends  to  expand  under  hydrostatic  pressure.  Therefore  it 
is  customarily  made  three-fourths  the  thickness  of  the  bottom 
ring,  but  not  less  than  ^ inch  thick,  unless  the  bottom  ring  be 
less  than  this,  when  both  are  made  the  same  thickness.  In 
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fastening  the  bedplate  to  the  shell,  an  angle  bent  to  the  shape 
of  the  tank  is  riveted  to  both,  either  on  the  inside  of  the  tank,  or 
on  the  outside,  the  bedplate  being  extended  beyond  the  shell 
for  this  purpose.  The  bedplate  is  made  of  plates  riveted  together 
with  lap  joints,  the  joints  being  laid  out  either  rectangular 
or  radial. 

The  overturning  tendency  of  the  wind  must  be  resisted  by  the 
weight  of  the  empty  tank  aided  by  anchor  rods.  The  overturn- 
ing moment  is  the  product  of  height  and  diameter  of  tank, 

PI1~D 

times  wind  pressure,  times  half  the  height,  or  , which 

2 

equals  i^H^D  if  P be  taken  as  30  pounds.  The  stability  moment 


is  — in  which  W is  the  total  weight  of  the  tank  in  pounds; 

but  as  this  assumes  that  the  entire  weight  could  rest  on  one 
point  in  the  bottom  circumference  without  crushing,  it  should 
WD 

be  reduced  to  for  safety.  Then  — .2^WD  is  the 

4 

moment  that  must  be  resisted  by  the  anchor  bolts.  These  bolts 
are  spaced  uniformly  around  the  circumference,  being  anchored 
in  the  foundation  and  passing  through  brackets  riveted  to  the 
outside  of  the  bottom  ring  of  the  shell.  Nuts  on  the  upper 
ends  of  the  rods  are  screwed  down  tight  to  the  tops  of  the 
brackets.  The  sums  of  the  moments  found  by  multiplying 
the  safe  tensile  strength  of  each  rod  (say  10,000  pounds  per 
square  inch)  by  the  distance  of  each  from  a given  chord  at  a dis- 


tance — from  the  center  (the  same  chord  being  used  for  all  mo- 
2 

ments)  will  give  the  resisting  moment  of  the  anchor  rods.  Or, 
calculating  in  another  way;  assume  that  each  rod  sustains  the 

'kD 

joint  tension  for  a length  of  joint  equal  to  where  N is  the  num- 


ber of  bolts.  Then  the  rod  tension  is  that  per  lineal  inch  of 

/i. 33^72  _.o26fT\  . 

joint  due  to  wind,  less  that  due  to  TTf — -1,  times 

one  Nth  the  inches  in  the  circumference  of  the  tank.  The 
foundation  to  which  the  rods  are  tied  must  have  sufficient 
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weight  to  prevent  being  raised  by  the  wind  pressure,  and  the  rods 
be  so  anchored  in  it  by  large  plate  washers  as  not  to  pull  out  of. 
the  foundation. 

A manhole  is  usually  pro\dded  at  the  bottom  of  a high 
tank  to  furnish  entrance  for  cleaning,  repairing  and  painting. 
This  is  a heavy  casting  riveted  to  the  bottom  ring  and  provided 
with  a cast-iron  cover  that  is  fastened  on  by  stud  bolts  and  nuts. 

A ladder  should  be  fastened  to  the  outside  of  the  tank, 
generally  beginning  about  lo  feet  above  the  ground.  In  some 
cases  a ladder  is  placed  inside  also  in  place  of  using  a manhole, 
but  this  is  bad  practice  in  any  but  Southern  countries,  as  the 
inside  ladder  is  apt  to  be  torn  out  by  ice  as  water  in  the  tank 
rises  or  falls. 

A roof  over  a tank  is  desirable,  to  prevent  heating  the  water, 
the  growth  of  algae,  and  pollution  by  birds  and  wind-borne  dirt. 
Also  a roof  will  often  delay  freezing.  One  objection,  however, 
is  that  a cylindrical  shell  of  ice  freezing  inside  the  tank  and  float- 
ing in  the  water  may  carry  away  the  roof  if  the  water  in  the  tank 
rises  considerably.  For  this  reason  it  should  be  attached  to  the 
tank  rather  feebly,  so  that  if  this  happens  no  other  parts  of  the 
tank  will  be  damaged  or  strained. 

An  overflow  pipe  is  sometimes  provided,  generally  carried 
down  the  outside  of  the  standpipe  and  connected  to  the  shell 
a foot  or  two  from  the  top,  to  prevent  the  standpipe  overflowing. 
This  pipe  is  generally  of  wrought  iron  or  steel  and  4 to  6 inches 
diameter.  Some  tanks  are  pro\dded  with  automatic  alarms, 
by  which  the  rising  of  the  water  above  a certain  elevation  in 
the  tank  rings  a bell  in  the  pumping  station.  A tell-tale,  giving 
in  the  pumping  station  continuous  information  as  to  the  height 
of  water  in  the  standpipe,  is  desirable. 

Usually  one  water  pipe  serves  for  both  inlet  and  outlet. 
It  should  be  provided  with  a valve  just  outside  the  standpipe. 
It  is  sometimes  connected  to  the  bottom  ring  of  the  shell,  but  a 
better  plan,  in  the  author’s  opinion,  is  to  carry  it  through  the 
foundation  and  connect  it  to  the  bedplate.  This  is  especially 
desirable  in  Northern  latitudes.  The  connection  of  this  pipe 
with  the  bedplate  is  generally  made  by  riveting  to  the  bottom 
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a flanged  bell  casting,  through  which  the  pipe  is  passed,  and  in 
the  bell  an  ordinary  calked  lead  joint  is  made. 

The  foundation  of  the  standpipe  should  be  absolutely  solid, 
generally  of  concrete  or  rock  or  other  unyielding  sub-founda- 
tion. The  tunnel  admitting  the  pipe  to  the  standpipe  should 
be  substantially  arched  over.  The  top  of  the  foundation  should 
be  perfectly  level.  Either  a dry  mixture  of  i part  Portland 
cement  to  i or  2 of  sand  is  spread  about  inches  thick  over  the 
foundation,  or  a layer  of  wet  mortar  equally  thick,  before  the 
bottom  is  lowered  onto  it.  The  former  is  preferable,  as  it  permits 
slight  adjustment  of  the  bedplate  after  the  tank  is  filled,  any 
slight  leakage  in  such  plate  furnishing  the  water  for  setting  the 


Fig.  108. — Standpipe  Bottom. 


cement.  In  any  case  the  sand  offers  a cushion  for  the  bottom  and 
prevents  all  the  weight  from  coming  on  the  rivet-heads.  Another 
method  is  to  support  the  bottom  about  an  inch  above  the  founda- 
tion, fill  around  the  edge  with  mortar,  and  when  this  has  set, 
force  grout  under  the  bedplate  through  several  holes  in  such 
plate. 

“ Tank  steel  ” should  never  be  used  in  standpipes.  “ Shell 
steel,”  the  next  best  grade,  is  not  ad\dsed  for  use.  “ Flange 
steel  ” is  well  adapted  for  standpipe  use,  being  ductile  and 
uniform  in  quality.  It  costs  about  15  to  20  per  cent  more 
than  tank  steel,  and  4 to  10  per  cent  more  than  shell  steel. 

A good  standpipe  steel  might  be  specified  as  “ homogeneous  • 
steel  made  by  the  open-hearth  process,  ha\dng  a tensile  strength 
of  55,000  to  62,000  pounds  per  square  inch;  an  elastic  hmit 
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of  not  less  than  32,000  pounds  per  square  inch;  an  elonga- 
tion in  8 inches  of  20  per  cent  in  plates  | inch  thick  and  under;, 
of  22  per  cent  plates  | to  f inch,  and  25  per  cent  for  plates  f inch 
thick  and  over,  with  a reduction  of  area  of  40,  44,  and  50  per  cent 
respectively.  A cold-bending  test  to  be  made  without  signs 
of  distress  as  follows:  for  plates  up  to  |-inch  thick,  flat  on 
itself;  for  plates  thicker  than  | inch,  180°  around  a mandrel 
ha\dng  a diameter  ij  times  the  thickness  of  the  plate.  The 
metal  to  contain  not  more  than  0.04  per  cent  phosphorus,  nor 
more  than  0.03  per  cent  sulphur.”  As  but  a few  kegs  of  rivets 
are  used  in  a standpipe,  it  is  not  the  general  practice  to  test  the 
material  for  these  at  the  works,  but  to  obtain  the  best  from 
reputable  manufacturers.  A field  test  of  value  is  to  cut  the 
head  from  a rivet  which  has  been  headed  in  the  work.  If  the 
head  snaps  off,  the  metal  is  brittle  and  unfit;  but  it  should 
gradually  cut  and  tear  off. 

The  outside  cf  the  bedplate  should  be  painted  before  it  is 
lowered  onto  the- foundation.  After  the  plates  are  all  riveted 
up,  the  inside  should  be  well  cleaned  and  given  two  or  three 
coats  of  paint  similar  to  that  used  for  steel  pipes.  The  outside 
should  not  be  painted  until  after  the  tank  has  been  filled  with 
water,  when  all  leaks  should  be  stopped  by  calking.  As  soon  as 
the  tank  is  tight  the  outside  should  be  painted.  Slate  or  stone- 
color  seems  to  be  the  least  conspicuous  color  for  large  standpipes. 

A standpipe  is  sometimes  encased  in  a masonry  structure, 
for  the  sake  of  appearance  (a  standpipe  is  at  best  a homely 
structure)  and  to  protect  it  against  freezing.  Either  stone, 
brick,  or  concrete  may  be  used,  and  it  should  be  designed  by  an 
architect  to  secure  the  best  results.  Such  structures  are  generally 
provided  with  roofs.  They  of  course  add  considerably  to  the 
cost. 

ELEVATED  TANKS 

Elevated  tanks  are  designed  in  the  same  way  as  standpipes, 
except  for  the  bottom.  This  may  be  made  flat  and  supported 
on  a floor  of  steel  beams,  but  most  of  those  built  in  recent  years 
have  had  hemispherical  bottoms.  The  bottom  is  riveted  to  the 
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cylindrical  shell,  and  the  Joint  between  the  two  sustains  a stress 
per  lineal  inch  equals  to  the  weight  of  the  tank-full  of  water  plus 
that  of  the  metal  in  the  bottom,  divided  by  the  circumfenerce 
of  the  tank  in  inches.  The  radial  joints  in  the  hemispherical 

. py  . 

bottom  receive  the  stress  — , m which  p is  the  normal  hydro- 

stratic  pressure  per  square  inch  at  the  point  in  question  and  r 
is  the  radius  of  the  sphere  (which  is  also  that  of  the  tank). 

JV  sec  6 

The  stress  on  a circumferential  Joint  is  r — , in  which  W is 

2TrO 


the  total  weight  of  water  above  the  horizontal  plane  passing 
through  the  Joint,  6 is  the  angle  between  the  vertical  spherical 
radius  and  that  passing  through  the  Joint,  and  b is  the  radius 
of  the  Joint  in  the  plane  of  the  Joint,  in  inches,  iwb  being  there- 
fore the  length  of  the  Joint.  The  thickness  of  plate.  Joint 
riveting,  etc.,  are  calculated  as  for  the  cyhndrical  plates;  but 
the  plates  should  be  made  about  inch  thicker  to  allow  for 
stretching  during  the  shaping.  Tanks  with  hemispherical  bot- 
toms are  made  up  to  30  feet  or  more  diameter  and  35  or  40  feet 
high.  Generally  the  height  is  made  15  to  25  per  cent  greater 
than  the  diameter. 

Stiffness  and  strength  are  best  served  by  using  a continuous 
curved  or  ring  girder  at  the  top  of  the  tower  that  supports  the 
tank,  to  distribute  the  thrust  of  the  posts  over  the  entire  length 
of  the  bottom  plate  of  the  tank  cylinder.  For  this  purpose 
the  lowest  plate  of  the  cyhnder,  made  a little  hea\der  then  theo- 
retically necessary,  is  used  as  the  web  of  the  girder,  stiffened  by 
vertical  angle  irons  riveted  to  it;  and  angles  are  riveted  to  the 
top  and  bottom  to  serve  as  flanges.  If  N is  the  number  of  posts, 
r is  the  radius  of  the  tank  in  inches,  and  W the  total  w^eight  of 

W 

tank  and  water,  the  maximum  shear  is  — the  maximum  bend- 
’ 2N’ 


ing  moment,  in  inch-pounds,  is  approximately 


N2 


(this  is  not 


exact,  but  is  within  2 or  3 per  cent  for  all  cases) ; and  the  maxi- 

.32IIT 

mum  torsional  moment  in  inch-pounds  is  approximately 
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The  tower  must  support  the  load,  and  also  the  effect  of  wind 
on  tank  and  posts.  The  legs  may  be  made  straight,  but  a better 
effect  is  produced  if  they  flare  at  the  bottom,  as  in  the  Ames  tower. 
As  the  stresses  are  similar  to  those  in  any  steel  tower,  they  will 
not  be  discussed.  The  number  of  posts  may  be  between  three 
and  twelve,  but  either  five,  six  or  eight  is  economically  and  gen- 
erally satisfactory. 

The  pipe  to  the  tank  is  generally  carried  vertically  up  the 
axis  of  the  tower.  It  should  have  an  expansion  joint  near  the 
tank.  In  cold  climates  it  should  be  encased  in  w^ood  or  light 
steel  to  prevent  freezing.  It  is  generally  supported  in  vertical 
line  by  surrounding.it,  at  the  level  of  each  towxr  panel  point, 
with  a collar  to  which  the  horizontal  diagonal  tie  rods  are  con- 
nected. 


CONCRETE  STANDPIPES 

At  least  25  standpipes  and  three  elevated  tanks  have  been 
constructed  of  reinforced  concrete.  In  these,  the  reinforcing 
is  rehed  upon  to  furnish  the  tensile  strength,  the  concrete  support- 
ing the  pressure  betw^een  reinforcing  rods  and  furnishing  the 
impervious  surface.  When  the  tension  on  the  steel  exceeds 
4000  to  5000  pounds  per  square  inch,  it  will  stretch  so  much 
that  the  concrete  will  begin  to  crack  unless  it  be  of  sufficient 
strength  to  resist  the  rest  of  the  tension.  The  reinforcement  is 
generally  made  of  large  round  bars,  so  that  the  concrete  can  be 
fully  worked  into  all  spaces.  Chiefly  because  of  this  }ielding 
of  the  concrete,  it  is  believed,  all  concrete  standpipes  with  two 
or  three  exceptions  have  leaked  more  or  less;  but  this  leakage 
has  not  been  serious,  the  chief  objection  being  the  appearance 
caused,  and  many  of  them  stop  up  in  time.  In  several  if  not 
all  cases  where  bids  have  been  received  for  both  concrete  and 
steel  standpipes,  those  for  the  former  have  been  lowxr.  A 
concrete  standpipe  does  not  rust  nor  need  painting  frequently, 
as  does  a steel  one,  and  can  be  made  more  ornamental  (or  less 
of  an  eyesore). 

As  the  shell  expands  when  filled  with  water  and  the  bottom 
does  not,  it  is  customary  to  tie  the  two  together  wdth  heavy 
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reinforcement  to  prevent  a crack  forming  at  the  joint.  A 
more  logical  plan  would  seem  to  be  to  increase  the  annular 
reinforcement  at  the  bottom  of  the  shell  to  prevent  expansion, 
or  to  provide  a sliding  joint  between  bottom  and  shell.  The 
latter  was  used  successfully  in  one  case. 

The  shell  is  cast  between  sectional  forms  of  steel  or  wood, 


Fig.  log. — Erecting  Concrete  Standpipe. 

Round  reinforcing  rods  are  seen  at  the  top,  the  steel  form  plates  in  place  below  and  at 
the  left,  with  plates  ready  to  be  placed  resting  on  the  scaffold.  Below  the  ring  of 
form  plates  the  concrete  is  seen. 


which  are  moved  up  as  the  concrete  sets,  and  never  (so  far  as 
the  author  knows)  in  one  complete  form  for  the  entire  stand- 
pipe. Largely  for  this  reason,  the  concrete  is  not  carried  up 
continuously,  although  each  horizontal  ring  is  made  as  a mono- 
lith, Leaks  that  develop  generally  occur  in  the  horizontal  joints 
between  consecutive  rings.  To  prevent  this  in  the  Westerly, 
R.  I.,  standpipe,  the  top  of  each  ring  of  concrete,  after  work  was 
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stopped  for  the  day,  was  scrubbed  with  brushes  and  water  to 
remove  the  laitance  and  clean  the  surfaces  of  all  exposed  stones 
and  at  the  same  time  the  strips  of  wood  were  removed  which  had 
been  embedded  in  the  concrete  to  form  bonding  grooves  in  the 
joint;  and  before  concrete  was  placed  the  following  day,  the  joint 
surface  was  thoroughly  washed  and  coated  with  neat  cement 
rubbed  in  with  a brush.  Another  plan  is  to  use  long  copper  strips 
4 to  6 inches  wide  with  a small  crimp  in  the  middle,  placed  as 
a ring  around  and  in  the  middle  of  the  wall,  half  the  width  being 
imbedded  in  the  concrete  and  the  other  half  protruding  to  extend 
into  the  following  ring,  the  ends  of  the  copper  strips  lapping 
3 to  6 inches.  Flat  steel  strips  6 inches  wide  and  | to  J inch 
thick  have  been  used  in  the  same  way. 

Ordinarily  the  rings  of  steel  reinforcement  are  calculated  for 
a stress  of  between  12,000  and  16,000  pounds  per  square  inch, 
the  ends  being  lapped  and  so  fastened  with  chps  as  to  develop 
the  full  strength  of  the  rod  at  the  joint.  These  are  generally 
supported  in  place  by  vertical  angles  or  channels,  which  also 
serve  for  vertical  reinforcement;  although  in  one  standpipe  no 
vertical  steel  was  used.  The  number  of  rings,  or  the  spacing,  or 
diameter  of  rods  (or  two  or  all)  are  varied  to  provide  for  the 
variation  in  hydrostatic  pressure  with  the  depth.  Some  claim 
the  steel  must  be  within  2 inches  of  the  outer  surface  to  be  fully 
effective.  The  top  of  the  standpipe  shell  is  made  between 
6 and  12  inches  thick.  The  bottom  of  the  shell  has  been  made 
from  9 to  36  inches  thick. 

The  concrete  is  generally  made  rich  to  secure  water-tightness 
and  strength;  i : i|  : 3,  or  even  1:1:2  being  not  uncommon. 
The  aggregates  should  be  selected  to  give  maximum  density, 
with  abundance  of  the  finer;  enough  w'ater  should  be  added  to 
produce  a quaking  consistency  and  the  concrete  be  lightly 
rammed  or  joggled  to  secure  the  escape  of  all  air  or  free  water  and 
thorough  filling  around  the  reinforcing;  the  mixing  should  be 
especially  thorough;  the  forms  should  be  tight  to  prevent  the 
washing  out  of  cement  with  escaping  w^ater;  they  should  be 
firm,  and  should  be  of  metal  to  secure  a surface  skin,  which  is 
more  impervious  than  several  inches  of  concrete.  After  forms 
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have  been  removed  from  any  surface,  it  should  be  kept  wet  until 
the  concrete  is  at  least  two  weeks  old,  and  protected  from  the 
sun  by  placing  over  it  burlap,  planks,  etc. 

Leaks  that  develop  are  difficult  to  stop.  Plastering  with 
cement  on  either  inside  or  out  is  useless.  Bituminous  water- 

- ' Table  No.  48 


REINFORCED  CONCRETE  STANDPIPES 


Location. 

Diam., 

Ft. 

Height, 

Ft. 

Cost. 

Cost 

per 

1,000 

Gals. 

Remarks. 

Brunswick,  Me. . . . 

97 

46 

Paris,  Me 

80 

14 

$7,150 

$13.60 

No  roof. 

Littleton,  N.  H . . . 

27 

27 

2,080 

18. 10 

Littleton,  N.  H . . . 

17 

17 

1,080 

38.60 

Burlington,  Vt. . . . 

30 

30 

5,050 

31.40 

On  tower  25  feet  high. 

Attleboro,  Mass. . . 

50 

106 

36,000 

24.50 

Shell  18"  at  bottom,  8"  at  top. 

Bridgewater,  Mass. 

30 

78 

Never  leaked  at  all. 

Chelmsford,  Mass  . 

45 

16 

Fall  River,  Mass . . 

16 

15 

850 

38.60 

Hull,  Mass 

20 

50 

Fort  Revere,  for  army;  first  ever 

built. 

Leicester,  Mass . . . 

80 

30 

12,380 

II  .00 

No  roof. 

Lexington,  Mass. . . 

30 

104 

Manchester,  Mass. 

60 

72 

36,000 

23.60 

Medfield,  Mass..  . . 

20 

23 

1,530 

27.80 

Medfield,  Mass..  . . 

20 

20 

1,400 

29. 20 

Rockland,  Mass  . . 

46 

104 

Shell  36"  at  bottom. 

Waltham,  Mass. . . 

100 

43 

25,785 

12.90 

Concrete  roof  on  steel  trusses; 

shell  18"  at  bottom,  12"  at 

top. 

W.  Brookfield,  Mass 

50 

20 

W.  Falmouth,  Mass. 

40 

40 

Jamestown,  R.  I , . 

35 

50 

Warren,  R.  I 

40 

50 

10,590 

22.50 

Westerly,  R.  I . . . . 

40 

70 

17,960 

24.30 

Shell  14"  thick  throughout.* 

Woonsocket,  R.  I. . 

79 

42 

Danbury,  Conn . . . 

20 

30 

7,250 

103.00 

On  tower  25  ft.  high. 

Madison,  N.  J . . . . 

25 

130 

16,000 

33-40 

Around  old  steel  pipe  75  ft.  high. 

Milford,  0 

14 

81 

Shell  9 in.  thick. 

New  Ulm,  Mich. . . 

75 

30 

Shell  20"  at  bot.,  15"  at  top. 

Anaheim,  Cal 

32 

38 

11,400 

On  concrete  tower  70  ft.  high. 

Shell  5"  at  bot.,  3"  at  top. 

* Cost  of  concrete:  labor,  $1.70  per  cu.  yd.;  plant  and  staging,  S2.14;  cement  and 
limoid,  S3. 34;  aggregate.  Si. 56;  total,  S8.74.  Reinforcement  and  labor,  S7-73  per  ton; 
staging,  $4.50  per  ton;  material,  S39;  total,  S51.23  per  ton.  Finish,  S1.17  per  100  sq.  ft. 
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proofing  surface  applications  on  the  inside  have  been  successful 
in  some  cases.  In  Waltham  a small  leak  was  stopped  by  calk- 
ing in  lead  wool.  At  Attleboro,  with  the  tank  full,  at  each 
leaky  spot  a hole  was  cut  in  to  the  reinforcing,  made  wider 
inside  than  on  the  face,  and  filled  with  small  crushed  stone. 
This  was  covered  with  a patch  of  mortar  and  wire  netting, 
and,  when  this  had  set,  mortar  was  forced  in  under  pressure 
furnished  by  a tank  of  carbonic  acid  gas. 

Table  No.  48  is  believed  to  be  a practically  complete  list  of 
concrete  standpipes  built  to  date.  The  first  was  at  Fort 
Revere,  Hull,  Mass.,  built  in  1902  for  the  U.  S.  Army. 

Art.  82.  Estimating  Cost 

It  is  always  desirable,  and  frequently  required  by  law, 
that  a careful  estimate  be  made  of  the  cost  of  any  proposed  public 
work.  For  this  purpose  in  connection  with  water  works,  map, 
plans,  and  specifications  should  be  carefully  studied  to  obtain 
quantities;  the  character  of  soil  or  rock  to  be  excavated  should 
be  ascertained,  the  cost  of  getting  supplies  to  dams  and  other 
parts  of  the  system  considered,  and  in  general  as  careful  a study 
made  of  the  conditions  as  a contractor  would  make  before  bidding. 
Also  the  prices  of  material  and  supplies  should  be  obtained, 
including  the  cost  of  getting  them  upon  the  ground.  From 
these  should  be  made  as  close  an  estimate  as  possible  of  the  actual 
cost  of  constructing  the  system. 

The  cost  of  any  piece  of  work  consists  of  the  cost  of  the  labor 
and  materials  of  all  kinds  entering  into  it;  an  allowance  for 
plant  sufficient  to  pay  interest,  repairs  and  depreciation  or 
obsolescence  on  all  tools  and  appliances  used — picks,  shovels, 
wheelbarrows,  engines,  etc. — and  the  power  for  operating, 
whether  horse,  gasoline  or  steam;  cost  of  foremen  and  all  other 
supervision,  timekeeper,  office  expenses,  labor  insurance  or  an 
allowance  in  lieu  thereof  to  cover  damages  recoverable  by  injured 
workmen;  interest  on  the  money  put  into  the  work  up  to  the  time 
payment  is  made  for  it;  demurrage,  temporary  roads,  and  pos- 
sibly other  items  also;  and  finally  a fair  profit. 
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Of  these,  rate  of  interest  on  plant  cost  and  other  money 
advanced  and  labor  insurance  are  fairly  constant;  some  materials, 
like  iron  pipe,  lead,  etc.,  change  in  price  slowly  in  ordinary  times 
and  can  be  calculated  very  closely  for  a given  piece  of  work; 
while  other  materials  such  as  clay,  rock,  sand,  and  other  local 
products  vary  several  hundred  per  cent  in  different  localities. 
Wages  change  slowly,  but  vary  considerably  in  different  sec- 
tions, and  the  amount  of  actual  work  that  is  obtained  for  a 
dollar  varies  with  the  chaiacter  of  local  labor,  the  ability  of 
the  foreman  to  “ get  work  out  of  the  men,”  and  of  the  con- 
tractor to  plan  the  work  to  the  best  advantage. 

It  must  be  borne  in  mind  that  prices  of  labor  and  of  materials 
vary.  If  the  prices  of  iron  and  copper  go  up,  then  so  will  those 
of  iron  pipe,  valves,  fire  hydrants,  meters,  etc.  The  engineer 
or  contractor  must  learn  for  each  job  the  costs  of  labor  and  mate- 
rials that  will  prevail  at  that  time  and  place. 

On  simple  pick  and  shovel  work,  labor,  foreman,  and  time- 
keeper, plus  a charge  per  man  per  day  for  the  pick  and  shovel 
used,  may  cover  all  the  expenses.  But  if  a steam  shovel,  dinkey 
engine  and  train,  steam  roller,  and  power-driven  concrete  mixers 
are  used  in  a reservoir  construction  job,  in  which  floods  may 
interrupt  the  work  and  even  cause  some  losses,  the  calculation 
of  probable  cost  is  not  so  simple.  An  amount  per  day  should  be 
allowed  for  each  piece  of  apparatus  sufficient  to  pay  interest  on  its 
purchase  cost  and  repay  such  cost  during  the  life  of  the  apparatus. 
Suppose,  for  instance,  that  a steam  shovel  costs  $6000,  will 
last  five  years  with  a salvage  value  of  $1000  at  the  end  of  that 
time,  and  can  be  used  an  average  of  150  days  a year;  and  thai 
money  can  be  borrowed  at  5 per  cent.  Then  there  should  be 

n 1 • 1 1 1 $6000  — $1000  . 

charged  against  the  shovel  each  year h (^0000  X. 05) 

= $1300,  or  $8.66  for  each  day  used;  and  if  it  shovels  900  cubic 
yards  a day,  there  should  be  a charge  against  each  cubic  yard 
of  .96  cent  for  steam  shovel  interest  and  depreciation.  Similarly 
all  other  plant  should  be  allowed  for. 

In  addition  to  this,  there  are  general  charges  to  be  allowed 
for  in  the  cost,  such  as  cost  of  moving  the  plant  to  the  work 
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and  from  it  again,  storing  it  during  the  winter,  keeping  it  painted 
and  repaired,  etc.;  making  temporary  roads  for  and  bringing 
in  material  (it  may  cost  $3  for  hauling  to  an  inaccessible  spot 
$i  worth  of  pipe  or  other  material);  diverting  streams  around 
dam  sites;  bams,  office  and  other  buildings;  bringing  water  to 
the  work;  and  possibly  other  expenses,  all  of  which  must  be 
distributed  over  the  several  items  in  making  itemized  estimates 
or  bids.  It  follows,  of  course,  that  the  more  extensive  the  work 
the  less  the  amount  of  these  general  charges  per  unit  of  work — 
that  is,  the  less  the  unit  cost. 

Many  of  these  general  costs  must  be  estimated  for  each 
job,  others  have  a more  or  less  constant  value.  For  instance, 
allow  about  f cent  a day  for  each  pick  (this  does  not  include 
sharpening,  cost  of  which  will  vary  with  nature  of  material 
picked  and  number  of  picks  to  be  sharpened  daily) ; | cent  for 
each  shovel;  5 cents  for  a wheelbarrow;  $15  to  $25  per  day  for 
a s^am  shovel,  depending  upon  size  (this  includes  engineer  and 
helper,  and  fuel,  as  well  as  fixed  charges);  10- ton  steam  roller, 
$10  to  $15;  dump  wagons,  20  to  30  cents;  drag  scrapers,  5 cents; 
wheel  scrapers,  10  cents.  These  are  offered  as  approximate 
for  average  use,  and  with  care  to  keep  them  in  good  condition. 
It  is  assumed  that  they  will  be  in  actual  use  about  125  to  150 
days  a year. 

In  the  following  pages  are  given  costs  of  labor  and  material 
based  on  average  conditions.  To  these  must  be  added  plant 
costs  and  other  overhead  and  general  charges.  The  labor 
costs  are  based  on  15  cents  per  hour  for  common  labor  and 
35  cents  for  two  horses  and  driver.  The  prices  of  materials  are 
based  on  those  prior  to  the  war.  At  present  (1917)  they  are 
50  to  200  per  cent  greater,  and  are  fluctuating  so  rapidly  that 
calculations  based  on  them  would  be  useless. 

Clearing  and  grubbing  reservoir  sites.  The  cost  of  this 
may  often  be  more  than  offset  by  sale  of  timber  cut  for  lumber, 
firewood,  or  other  purposes.  The  actual  cost  of  clearing  ordi- 
nary timbered  land,  with  labor  at  $1.50,  has  generally  been  be- 
tween $25  and  $200  per  acre,  depending  upon  the  size,  number 
and  kinds  of  trees,  amount  of  underbrush,  irregularity  of  sur- 
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face,  etc.  If  the  land  is  very  swampy,  is  covered  with  scrub 
second-growth,  or  if  large  numbers  of  boulders  must  be  removed, 
the  cost  may  exceed  $200. 

Excavation  of  loam  or  other  easily  pulverized  soil  by  drag 
scraper,  including  first  loosening  it  by  plow,  can  be  done  for 
about  cents  per  cubic  yard  for  loosening  by  plow,  and  5 
cents  for  handHng  by  scraper,  plus  4^  cents  for  each  hundred  feet 
of  haul  in  excess  of  100  feet.  Add  i cent  for  forernan  and  wear 
on  scraper.  Total  7^  cents  plus  overhaul.  For  stiff  clay  add 
25  to  50  per  cent  to  the  first  two  items. 

If  wheel  scrapers  are  used,  deduct  about  \ cent  from  the 
second  item,  and  allow  for  overhaul  3 cents  to  i J cents,  depending 
on  size  of  scraper.  Loosening  by  pick  costs  from  i cent  in  easy 
earth  to  ii  ceilts  in  very  stiff  clay  or  hardpan;  about  4 cents 
for  average  earth.  Picking  and  loading  into  wheelbarrows, 
and  dumping  will  cost  about  17  cents  a cubic  yard  for  easy 
digging,  up  to  40  cents  for  hardpan,  and  wheeling  5 cents  per 
100  feet  for  steep  runs  and  3^  cents  on  the  level. 

Loading  into  carts  or  wagons  will  cost  about  12  to  40  cents, 
say  15  cents  for  average  earth.  Hauling  by  one-horse  cart  costs 
about  4 cents  plus  | of  a cent  per  100  feet  of  haul.  Hauling 
by  two-horse  wagons  costs  about  6 cents  plus  | of  a cent  per  100 
feet  of  haul.  Excavating  by  steam  shovel  costs  about  6 to  10 
cents  depending  on  the  percentage  of  its  full  capacity  that  can 
be  handled  and  nature  of  soil;  the  cost  may  run  very  much 
higher  if  dirt  cannot  be  removed  rapidly.  Handling  by  wagons 
will  cost  about  i cent  less  than  by  hand  shoveling,  less  loading 
time  being  required. 

Spreading  earth  in  6-inch  layers  on  an  embankment  costs  about 
2 cents  a cubic  yard  if  the  man  is  kept  busy,  more  if  he  is  not. 

Rolling  thoroughly  with  a horse-drawn  roller  costs  i to  2 
cents  per  cubic  yard.  Add  cost  of  sprinkling,  which  will  be 
influenced  by  accessibility  of  water.  Dressing  slopes  may 
cost  from  3 to  30  cents  per  square  yard,  depending  upon  skill 
of  laborers. 

Lining  banks  with  dry  stone  paving  12  inches  thick  costs 
20  to  40  cents  per  square  yard,  plus  cost  of  stone  and  of  gravel 
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or  sand  bedding.  If  the  stones  are  irregular  in  shape  and  need 
much  dressing  this  increases  the  cost.  Concrete  lining  6 inches 
thick  costs  about  Si. 50  to  Si. 75  per  square  yard  on  slopes, 
Si. 2 5 to  Si. 50  on  a reseiA’oir  bottom. 

Puddle  in  a trench,  rammed  and  trodden  into  place,  costs 
40  to  60  cents  a cubic  yard  in  addition  to  materials  delivered  on 
the  spot.  Puddle  made  in  wide  layers  and  rolled  wdth  a heavy 
grooved  roller  costs  20  to  40  cents. 

Stone  masonry  for  dam  faces,  coursed  ashlar,  costs  Si 8 to 
$25  per  cubic  yard,  vaiydng  with,  the  hardness  and  cost  of  stone. 
Dimension  stone  for  gatehouses,  etc.,  may  cost  double  this. 
The  largest  part  of  the  cost  of  ashlar  is  in  the  dressing.  Rubble 
masonr}'  costs  S4  to  S8. 

Timber  in  foundations  \^dU  probably  cost  S5  to  S20  per 
^I.  B.  ]M.  for  labor,  above  the  cost  of  material,  the  cost  depending 
upon  the  amount  of  framing  involved. 

Concrete.  The  cost  of  this  is  a combination  of  the  cost  of  the 
sand,  stone  or  gravel,  and  cement  of  which  it  is  composed;  the 
labor  of  mixing  it,  including  cost  of  coal  or  other  power  used; 
cost  of  placing  it;  cost  of  placing  and  remo\ing  forms ; and  depre- 
ciation on  all  the  plant  used.  According  to  figures  collected  by 
“ Municipal  Journal  ” of  the  cost  in  1916  in  nearly  a thousand 
municipahties  of  sand  and  broken  stone  or  gravel,  sand  varied 
from  S0.20  to  $3  per  cubic  yard,  averaging  *$i ; broken  stone 
varied  from  $0.40  to  $3.75  per  cubic  yard,  averaging  $1. 
Cement  cost  about  Si. 2 5 per  barrel.  Labor  feeding  mixer  by 
wheelbarrow,  mixing,  and  delivering  direct  from  mixer  by  chute 
or  beam  and  bucket,  S3  to  S4  per  cubic  yard.  When  mixed 
in  large  quantities  and  nuxer  fed  direct  from  bins,  this  last 
cost  may  be  reduced  by  25  to  50  per  cent.  For  slope  fining  and 
other  construction  requiring  special  care  in  laying,  add  25  to 
50  cents  a cubic  yard.  The  cost  of  forms  may  be  as  little  as 
10  cents  a .cubic  yard  or  as  much  as  S2.50,  depending  on  the 
elaborateness  of  the  forms  and  the  relative  volume  of  concrete 
placed  therein. 

Cast-iron  pipe,  in  carload  lots,  per  ton  of  2000  pounds 
has  cost  as  stated  in  the  accompan}dng  table  for  the  past  seven- 
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teen  years.  This  is  the  cost  of  pipe  larger  than  4-inch.  For 
4-inch  and  smaller,  the  price  in  1916  was  $3  per  ton  greater. 


Table  No.  49 

COST  OF  CAST-IRON  PIPE,  190O  TO  I916 


1900 

1901 

1902 

1903 

1904 

1905 

1906 

1907 

January. . . . 

S27 . so 

$21.75 

$24.50 

$29.25 

$24.50 

$28.00 

$29.75 

$34-25 

February . . . 

26.75 

22.25 

25. 

00 

29 

.25 

24-25 

28.50 

29.50 

34-25 

March 

26.75 

21.50 

26. 

25 

30 

.75 

24.25 

26.7s 

30.50 

34  00 

April 

26.50 

22.00 

26.00 

31 

.00 

24.25 

27 . 00 

29.75 

33.50 

May 

26. 00 

22.25 

27. 

75 

30 

-75 

24.00 

27.25 

31.00 

34-25 

June 

24.50 

23.00 

28. 

00 

35 

-75 

23.50 

27.25 

32.50 

33-50 

July 

24-75 

23.75 

28. 

SO 

30 

• 75 

23.50 

27.25 

30.25 

34 .00 

August 

23-50 

23-75 

29. 

SO 

29 

• 50 

23.50 

27.75 

30.50 

32.50 

September.  . 

22 . 25 

23 -SO 

29. 

50 

29 

1.00 

23.00 

27.25 

31.00 

33-00 

October .... 

21.75 

24.00 

29. 

SO 

26 

.00 

23.25 

28.25 

33.00 

33.50 

November.  . 

21.75 

24 -50 

30. 

75 

24 

■ 50 

25.00 

29.00 

33-25 

28.50 

December.  . 

21.75 

23-75 

29. 

25 

24 

.25 

27.00 

29.25 

35-50 

28.00 

1908 

1909 

1910 

1 

1911 

1912 

1913 

1914 

191S 

1916 

January. . . . 

$27.00 

$24.50 

$25.50 

$22 

.00 

$22 . 00 

$25.00 

tA 

to 

0 

0 

$20.00 

$29.00 

February . . . 

26.75 

24.25 

25-50 

21 

-SO 

22.00 

24-75 

22.00 

20.00 

29.33 

March 

26.25 

25-25 

25-50 

21 

.00 

22.00 

23.87 

22 . 00 

20.00 

29-75 

April 

26.25 

25.00 

25.50 

21 

.00 

21.25 

23.50 

22.00 

21.60 

30.50 

May 

26.25 

25-25 

25 -SO 

21 

.00 

21.00 

23.00 

20.88 

22.00 

30.50 

June 

25-75 

26.00 

25.25 

21 

.00 

21.00 

23.00 

20.50 

22.25 

30.50 

July 

25-75 

26.25 

24.00 

21 

.00 

22 . 

10 

23.00 

20.50 

22.50 

30.50 

August 

25-25 

26.00 

23-50 

21 

.00 

22 . 00 

23.00 

20.50 

23.25 

30.50 

September.  . 

25-75 

25-75 

23.50 

21.00 

23. 

12 

23.00 

20.40 

24.37 

30.83 

October .... 

25-75 

25-50 

23.00 

21 

.00 

24. 

50 

23.00 

20.00 

25.25 

31. SO 

November.  . 

25.00 

25-87 

22.12 

21 

-40 

24. 

12 

23.00 

20.00 

26.50 

35-50 

December . . 

25-50 

25-70 

22.00 

22 

.00 

24.62 

22.33 

20.00 

27.60 

41.00 

The  cost  per. foot  of  the  various  sizes  and  classes  of  pipe 
(Am.  Water  Works  Association  Standard)  can  be  found  by 
multiplying  the  following  units  by  the  cost  per  ton  in  dollars. 


COST  OF  CAST-IRON  PIPE  PER  LINEAL  FOOT  AT  $I  A TON 


Diameter  of 
Pipe,  Inches. 

1 

Class  .4, 
loo-ft.  Head. 

Class  B, 
200-ft.  Head. 

Class  C, 
300-ft.  Head. 

Class  D, 
400-ft.  Head. 

4 

.0100 

.0109 

.0117 

.0125 

6 

.0154 

.0167 

.0179 

.0192 

8 

.0215 

.0238 

.0260 

.0279 

10 

.0286 

.0319 

•0354 

.0384 

12 

-0363 

.0411 

•0459 

.0500 

16 

.0542 

.0625 

.0719 

.0792 

20 

.0750 

.0875 

. 1042 

. 1146 

24 

. 1021 

.1167 

.1396 

•1534 

30 

•1459 

. 1667 

. 2000 

.2250 

36 

.1959 

. 2271 

. 2729 

•3125 

48 

•3334 

•3750 

• 4542 

•5250 
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Trenching  for  pipe  by  hand,  sheathing  if  necessary,  and  back- 
filling costs  about  as  follows  for  easy  digging — loam,  sandy 
clay,  etc.  Sand  and  gravel  are  included  as  “ easy,”  but  must- 
be  sheathed.  Hardpan  will  cost  about  double  these  figures. 
Rock  excavated  in  the  trench  will  cost  from  $2  to  $10  per  cubic 
yard — the  latter  when  only  2 or  3 inches  depth  are  to  be  removed 
and  the  rock  does  not  shatter  readily. 

COST  OF  EXCAVATING  AND  BACKFILLING  PIPE  TRENCHES  IN  EASY 


material;  no  ground  water,  no  street  paving,  cents 

PER  LINEAL  FOOT 


Depth  of  trench,  feet 

4 

5 

6 

8 

10 

4-inch  to  lo-inch  pipe 

8-3 

9.8 

II-3 

150 

21 

15-inch  oipe ' 

9.8 

12.0 

13-5 

18.7 

26 

20-mch  pipe 

II-3 

13-5 

iS-7 

22.5 

32 

24-inch  pipe 

12.7 

15-7 

18.0 

26.5 

37 

30-inch  pipe 

15.0 

18.0 

21.0 

30.0 

42 

36-inch  pipe 

17.2 

20.  2 

23 -5 

33-0 

46 

48-inch  pipe 

21.0 

24.  2 

28.0 

38.0 

53 

Close  sheathing 

20.0 

21.0 

22.0 

26.0 

32 

Sheathing,  planks  4 ft.  apart 

9.0 

10. 0 

10. 0 

12.0 

15 

COST  OF  LAYING  CAST-IRON  PIPE;  CENTS  PER  LINEAL  FOOT 


Size  of  pipe 

4 

6 

8 

10 

12 

18 

24 

Unloading,  hauling  and 
distributing 

•3-1 

■ S-2 

• 7-3 

1-4 

I - 5-5 • 5 

3-8 

4-12 

Laying 

.6 

• 7 

1 .0 

1-5 

2.0 

3-0 

5.0 

Lead,  at  4 c.  a pound. . 

2.9 

4.1 

5.2 

6.3 

7-5 

130 

17-5 

Yam,  at  4 c.  a pound. . 

.04 

.06 

.07 

.09 

.11 

.14 

.2 

Coke  and  furnace  man . 

.2 

.2 

• 25 

•30 

• 36 

.70 

1 .0 

Yarning  and  calking . . . 

1 .0 

1.4 

1.8 

2.5 

3-0 

5-0 

7-5 

Total 

5. 0-5. 7 

7-0-8. 5 

9-0-II.3 

11.7-14-7 

14-5-18.5 

24.8-29.8 

35-2-43-2 

COST  OF  GATE  VALVES,  IRON  BODIES,  BRONZE  MOUNTED, 
BELL  ENDS.  TESTED  TO  300  POUNDS  PRESSURE 


Size  of  valve. . . 

4 in. 

6 in. 

8 in. 

10  in. 

12  in. 

14  in. 

16  in. 

1 

20  in.  1 24  in. 

Cost 

$8.00 

$12.00 

8 

00' 

$26.50 

$37-00 

$52'-  so 

$67.00 

$135  1 $220 

Fire  hydrants^  6-inch,  2 hose  nozzles  and  a steamer  nozzle, 
5 feet  from  ground  to  branch,  cost  about  $25  to  $30;  add  about 
$3  for  each  independent  nozzle  gate. 
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Water  cranes  cost  about  $25  to  $40,  for  3 -inch  or  4'mch 
connections  to  main. 

Steel  riveted  pipe  30  or  more  inches  in  diameter  weighs  from 
3 to  8 times,  in  pounds  per  lineal  foot,  the  diameter  in  inches; 
the  former  for  a safe  working  pressure  of  80  pounds  per  square 
inch,  the  latter  for  150  pounds  with  the  largest  sizes  and  250 
with  the  30-inch.  The  cost  of  pipe  is  3 to  4 cents  per  pound. 
The  cost  laid  under  average  conditions  is  about  4 to  6 cents 
per  pound,  or  15  to  33  cents  per  inch  diameter,  including  exca- 
vation and  all  charges. 

Lap-welded  pipe  weighs  from  .67#  and  .94^^  (for  standard 
and  extra  strong,  respectively)  for  4-inch,  to  .34^^  and  .45^^ 
for  12-inch,  d being  the  diameter  in  inches. 

Tube  wells  are  generally  sunk  by  contract,  at  a certain 
amount  per  foot,  and  the  cost  varies  with  the  material,  depth, 
and  size  of  casing.  Rock  costs  much  more  than  sand  or  clay. 
Including  casing,  a 6-inch  well  will  cost  perhaps  $3  per  foot 
for  the  first  200  feet,  and  $4  to  $5  below  700  feet;  although  where 
wells  are  common  and  there  is  competition  the  price  may  be 
cut  to  two- thirds  this. 

Standpipes  of  steel  cost  about  2.5  cents  per  pound  of  steel 
for  erection,  this  covering  labor,  rivets  and  tools  and  painting. 
Add  about  3.0  to  3.5  cents  per  pound  for  the  steel  plates.  Addi- 
tional for  the  foundation.  Weight  of  steel  is  of  course  calculated 
from  thicknesses  obtained  in  designing  the  structure.  Towers 
cost  $i  to  $1.50  times  the  product  of  the  height  of  the  tower 
and  the  mean  of  its  top  and  bottom  diameters. 

Filtration  Plants.  The  cost  of  slow  sand  filters,  averaging 
local  conditions,  is  about  $20,000  to  $35,000  per  million  gallons 
daily  capacity;  this  including  all  costs  except  land  and  pumping 
machinery.  Amount  of  grading  required  may  considerably 
affect  the  cost.  Cost  of  rapid  sand  filters  averages  $12,000  to 
$18,000  per  million,  gallons  daily  capacity.  The  cost  given  for 
slow  sand  filters  includes  sedimentation  basin  or  preliminary 
filters,  and  dear-water  reservoir.  That  for  rapid  sand  filters 
includes  coagulating  and  dear-water  basins. 

Operation  and  maintenance  of  slow  sand  filters  cost  $2  to 
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$4  per  million  gallons  filtered;  of  rapid  sand  filters,  $5  to  $8 
per  million  gallons,  including  chemicals. 

The  correct  cost  basis  is  the  annual  cost — that  is,  operating 
expenses  plus  interest  and  depreciation  on  construction  cost. 
Depreciation  probably  should  be  taken  as  not  less  than  5 oer 
cent  nor  more  than  10  per  cent. 

The  cost  of  an  up-to-date  pressure-filter  plant  of  1,000,000 
gallons  capacity  is  given  by  Harold  C.  Stevens  (in  1916)  as  fol- 
lows: Filters,  including  foundation,  $5000;  controlling  device, 
$1300;  settling  basin,  $3500;  low-lift  pumps,  $1200;  super- 
structure, $1500;  total  $12,500.  For  large  plants  this  would  be 
reduced  to  $9000  per  million  gallons. 

Pumping  Engines.  Steam  engines  vary  in  cost  with  type, 
size',  head  pumped  against,  steam  pressure,  and  cost  of  iron  and 
bronze  or  brass.  The  annual  cost  is  the  sum  of  interest  and 
depreciation  on  construction  cost  of  pumps  and  boiler  plant, 
foundations  and  building,  and  the  annual  cost  of  coal,  lubri- 
cants, maintenance,  and  repairs,  and  engine  and  boiler  room 
force. 


Cost  of  coal  per  year  = 


ggoPTC 
DE  ’ 


in  which  P is  average  indicated  horse-power  developed; 

T is  number  of  hours  pumping  per  year, 

C is  cost  of  coal  in  dollars  per  2000  pounds; 

D is  duty  expressed  in  foot-pounds  per  1000  pounds  of 
steam; 

E is  evaporation  factor  of  boiler  (about  8 pounds  per 
pound  of  ordinary  good  bituminous  coal). 


The  cost  of  a pumping  engine  complete,  with  foundation, 
piping  and  appurtenances,  is  about  as  follows,  per  million  gal- 
lons capacity  per  twenty-four  hours:  Compound  condensing 
low-duty,  horizontal,  $2300.  Low-duty,  triple,  condensing, 
horizontal,  $2800.  Cross-compound,  condensing,  horizontal, 
$3300.  High-duty,  triple,  condensing,  vertical,  $4800.  These 
figures  do  not  include  building  or  chimney,  nor  boilers.  Boilers 
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with  mechanical  stokers,  feed  pumps,  appurtenances,  and  steam 
piping,  ready  for  service,  cost  about  $15  to  $20  per  boiler  horse 
power.  These  prices  are  based  on  a head  pumped  against  of 
about  200  feet. 

The  cost  per  million  gallons  capacity  of  a complete  pumping 
station,  using  reciprocating  engines,  triple  expansion,  with  high- 
pressure  boiler,  brick  building — everything  but  land — is  given 
by  C.  A.  Hague  as  $6000  plus  $25  XP,  P being  the  pressure 
pumped  against  in  pounds  per  square  inch.  (All  of  these 
were  prices  in  1911). 


CHAPTER  XV 


SUPERVISION  AND  MEASUREMENT  OF  WORK 
Art.  83.  Reservoirs 

After  a reservoir  site  has  been  cleared,  but  before  any 
excavation  is  begun,  levels  should  be  taken  of  the  entire  ground 
surface  where  there  is  to  be  either  excavation  or  embank- 
ment, and  a contour  map  of  the  site  prepared,  with  i-foot 
intervals  between  contours.  After  the  completion  of  the 
reservoir,  levels  are  again  taken,  referred  to  the  same  bench 
marks  and  base  Hne,  and  the  amount  of  excavation  and  embank- 
ment calculated  by  a comparison  of  these  with  the  previous 
levels. 

Before  excavation,  stakes  for  the  direction  of  the  contrac- 
tor should  be  placed  at  frequent  intervals  along  the  lines  of 
the  inner  and  outer  toes  of  the  embankment,  including  in  this 
the  I or  2 feet  on  each  side  which  is  later  to  be  removed  in 
shaping  and  dressing  the  slopes.  It  is  desirable  to  place  monu- 
ments well  beyond  all  danger  of  interference  by  the  work,  to 
which  the  center  line  of  the  embankment  or  dam  is  referred; 
they  being  on  each  end  of  an  extension  of  the  center  line,  if  this 
be  straight. 

During  the  construction  of  embankments  the  points  requir- 
ing attention  are:  The  width;  each  layer  must  extend  the 
full  required  distance  beyond  the  finished  face.  Depth  of 
layers;  this  must  at  no  point  be  greater  than  specified.  Water- 
ing; the  layers  should  be  sprinkled  uniformly  in  all  parts,  when 
wetting  is  required  by  the  character  of  the  material.  Char- 
acter of  material;  each  load  should  be  inspected,  and  no  large 
stones,  roots,  or  other  vegetable  matter,  or  material  different 
from  that  specified,  should  be  permitted  to  be  dumped.  Form 
of  surface;  the  edges  should  be  kept  higher  than  the  center. 
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Rolling;  the  roller  should  be  of  the  required  kind  and  weight, 
and  pass  over  each  spot  until  it  becomes  solid  and  homogeneous. 

If  a masonry  core  wall  is  used,  this  should  be  kept  above 
the  embankment,  and  the  latter  should  be  thoroughly  tamped 
where  the  roller  cannot  reach  it.  In  many  cases  the  core 
wall  is  practically  completed  before  the  embankment  is  begun. 

Particular  attention  should  be  paid  to  the  puddling  or 
concrete  around  any  pipes  which  pass  through  the  embank- 
ment; and  to  the  total  removal  of  all  top  soil  under  the  embank- 
ment, and  the  compacting  of  the  first  layer  with  the  ground 
thus  uncovered.  To  insure  the  last,  the  ground  should  be  plowed 
over  after  the  removal  of  the  top  soil. 

After  the  completion  of  the  embankment,  templets  are 
set  and  the  slopes  trimmed  by  these.  On  curves,  templets 
should  not  be  more  than  25  to  50  feet  apart,  depending  upon 
the  radius.  On  tangents  they  may  be  50  to  100  feet  apart. 
Each  templet  is  formed  by  driving  a stout  stake  at  the  foot  of 
the  slope,  and  others  10  or  12  feet  apart  directly  up  the  slope 
from  this.  Care  should  be  taken  that  these  stakes  are  in  a 
plane  normal  to  the  axis  of  the  embifnkment  or  to  a tangent  to 
its  curve  at  this  point.  To  these  posts  planks  are  nailed  in  such 
a position  that  the  finished  slope  will  be  a fixed  distance,  say 
I foot,  under  their  lower  edges.  The  slope  is  then  carefully 
cut  down  to  the  required  surface. 

' Masonry  work  requires  the  most  careful  inspection,  and 
if  masons  new  to  this  class  of  work  are  employed  it  is  frequently 
necessary  to  discharge  half  of  them  before  the  remainder  can 
be  compelled  to  obey  instructions.  It  must  be  remembered 
that  the  masonry  must  be  not  only  strong,  but  also  water-tight. 
The  rock  upon  which  it  is  to  rest  must  be  cleaned  wdth  brooms 
and  washed,  and  should  be  covered  with,  a thick  bed  of  rich 
mortar  just  before  the  masonry  is  started  upon  it.  Every 
stone  used  should  be  perfectly  clean  of  dirt  and  dust.  It 
should  be  lowered  into  its  bed  and  not  rolled  or  barred  into 
place.  Each  bed  should  be  covered  with  an  excess  of  mortar, 
and  no  mortar  should  be  “ slushed  ” in  after  the  stone  is  laid. 
It  is  absolutely  essential  that  no  spall  be  driven  under  a stone 
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after  it  is  in  place,  to  level  it  up  or  for  any  other  purpose;  but 
spalls  and  quarry-chips  may  be  used  in  leveling  a bed  before^ 
the  stone  is  lowered  onto  it.  In  using  spalls  and  chips,  however, 
these  should  never  be  placed  in  the  bed  and  mortar  spread  over 
them,  but  the  mortar  should  be  spread  first,  and  the  spalls 
forced  into  it.  All  side  and  end  joints  as  wall  as  beds  should  be 
made  in  this  way.  There  should  be  no  grouting  of  dam  masonry, 
for  there  should  be  no  spaces  for  grout  to  penetrate.  There 
should  be  no  dressing  of  stones  on  the  wall,  but  this  should  be 
done  on  the  scaffold,  or  while  the  stone  is  suspended  from  the 
derrick.  Courses  should  not  be  leveled  up  at  all,  but  should 
be  left  as  uneven  as  possible.  The  above' are  essential  to  a 
tight  wall,  although  one  on  which  less  pains  have  been  taken  may 
be  sufficiently  strong. 

The  mortar  should  be  rich — not  more  than  2 of  sand  to  i 
of  cement — and  thoroughly  mixed  before  wetting,  until  it  is 
absolutely  uniform  in  color  throughout.  The  mixing  is  fully 
as  important  as  the  proportions  of  cement  and  sand.  A slow- 
setting  cement  is  preferable ; and  mortar  should  never  be 
retempered  for  use,  but  on  taking  its  initial  set  in  mortar  box 
or  board  should  be  at  once  thrown  away.  If  the  work  is 
done  by  contract,  it  is  a good  plan  for  the  party  of  the  first 
part  to  supply  the  cement,  and  thus  remove  the  chief  incen- 
tive for  parsimony  in  its  use. 

Concrete  should  be  thoroughly  mixed,  and  immediately 
put  in  place.  The  broken  stone  should  be  free  of  all  dust  or 
dirt.  Too  much  water  will  cause  the  concrete  to  be  honey- 
combed and  porous;  there  should  be  such  an  amount  that  light 
ramming  will  just  bring  moisture  to  the  surface.  Hard-wood 
forms  the  best  material  for  rammers;  and  the  ramming  should 
never  be  heavy,  but  just  sufficient  to  compact  the  material. 
Special  care  should  be  taken  to  remove  from  concrete  that  has 
set  all  loose  particles  and  laitance  and  wet  it,  before  more  con- 
crete is  placed  on  it.  It  is  advisable  to  give  the  up-stream 
face  of  a concrete  core  wall  two  or  three  washes  of  cement  and 
water  to  increase  its  imperviousness.  All  concrete  should  be  kept 
damp  until  set,  and  should  be  shaded  from  the  sun  if  possible. 
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Concrete  in  slope  walls  cannot  be  mixed  very  wet  or  it  will 
slide  down  the  slope  when  placed;  nor  can  it  be  carried  too  far 
up  the  slope  continuously,  or  the  weight  will  force  out  that  at 
the  bottom  unless  it  is  made  too  dry  to  produce  a water-tight 
lining.  About  12  to  15  feet  is  generally  the  greatest  height  that 
can  be  laid  at  a time  successfully  unless  the  slope  be  flatter  than 
1 1 to  I.  The  consistency  of  the  concrete  should  be  such  that 
after  going  over  the  entire  surface  three  or  four  times  with  a 
rammer  the  concrete  will  just  begin  to  quake.  The  concrete 
must  be  thoroughly  compacted  and  mortar  brought  to  the  sur- 
face at’ all  points,  but  it  must  not  be  soft  enough  to  sHde  down 
the  slope.  A continuous  strip  10  to  15  feet  wide  can  be  carried 
around  the  entire  reservoir,  but  it  is  generally  considered  pref- 
erable to  insert  expansion  joints  about  20  feet  apart.  One  ad- 
vantage of  this  is  that  the  lining  can  then  be  placed  in  alternate 
blocks,  using  forms  at  the  edges  as  well  as  the  top  to  insure  the 
proper  thickness  and  surface. 

If  the  bottom  of  the  reservoir  is  in  rock  the  bottom  lining  can 
be  made  without  expansion  joints,  the  bond  with  the  rock  pre- 
venting movement.  The  rock  should  be  scrubbed  clean  before 
placing  the  concrete,  and  if  it  be  smooth  it  should  be  plastered 
with  cement  mortar  before  the  concrete  is  placed.  Unless  expan- 
sion joints  are  used,  an  edge  against  which  new  concrete  is  to  be 
placed  should  be  cleaned  of  all  loose  material  and  laitance  and 
thoroughly  plastered  with  cement  grout  just  before  the  new 
concrete  is  placed.  In  all  cases  of  either  bottom  or  side,  the 
edges  of  a block  or  strip  under  construction  must  be  made 
a plane  surface  normal  to  the  top  surface  of  the  concrete,  by  use 
of  forms  held  solidly  in  place,  and  spaded  to  force  all  stones 
away  from  the  form;  and  work,  whenever  stopped  temporarily, 
must  end  up  with  such  a face.  A sloping  edge  should  never  be 
given  to  concrete,  because  this  would  cause  one  block  to  rise 
upon  another  if  expansion  takes  place,  and  for  other  reasons 
also. 

For  expansion  joints  no  material  containing  felt  or  other  made 
joint  should  be  used,  but  the  joint  should  be  poured  with  a tar 
or  asphalt  material  of  a consistency  as  soft  as  can  be  used  without 
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running  in  hot  weather.  No  expansion  joint  is  needed  between 
rings  or  tiers  on  the  slope,  which  can  be  joined  by  a mortar  bond, 
as  the  weight  of  the  upper  rings  will  maintain  the  contact. 

For  a distance  of  12  to  20  feet  above  the  ground  a masonry 
wall  can  be  laid  to  templets,  carefully  set  and  tested  daily. 
Above  this  point  the  faces  of  the  wall  can  be  set  by  offsets 
from  a transit  line  run  through  its  center;  or  by  plumbing 
up  from  known  points  in  the  face  below,  the  transit  line  being 
occasionally  used  for  a check;  the  length  of  offsets  depending, 
of  course,  upon  the  elevation  of  the  point  considered,  with 
reference  to  that  of  the  crest,  which  elevation  must  conse- 
quently be  known.  A convenient  method  for  obtaining  these 
elevations  on  low  dams  is  to  so  place  a level  that  its  H.I.  is 
the  elevation  of  the  crest;  the  rod-reading  then  being  always 
the  exact  distance  below  this  of  the  point  on  which  is  it  held. 

Ordinarily  the  test  of  a dam  or  reservoir  is  filling  it  with 
water.  This  should  be  done  slowly,  particularly  in  the,  case 
of  earth  embankments,  slight  porosities  in  which  will  close 
slowly  by  absorption  of  water  unless  the  head  above  them,  be 
first  made  so  great  as  to  cause  rapid  percolation  and  leaks. 
Both  masonr}'  and  earth  dams  may  leak  slightly  for  a few 
days  or  weeks  after  filling,  but  ultimately  become  perfectly 
tight.  If,  however,  a leak  begins  to  increase  in  volume,  or 
the  water  is  turbid,  the  reservoir  should  be  emptied  at  once 
and  the  leak  found  and  stopped. 

Earthwork  is  generally  paid  for  by  the  cubic  yard,  and  is 
measured  as  described  above.  IMasonry^  also  is  paid  for  by 
the  cubic  yard,  there  being  generally  two  classifications  in 
dams,  face  ashlar  and  rubble  backing,  with  a small  amount 
of  dimension  stone  in  gatehouses  and  ornamental  \vork.  The 
face  masonry  may  be  paid  for  by  the  square  foot  of  surface; 
or  considered  as  extending  for  a given  distance  from  the  face 
into  the  wall,  and  paid  for  by  the  cubic  yard.  Gatehouses 
and  similar  structures  may  be  contracted  at  a lump  sum  for  all 
above  the  foundation;  the  latter  being  paid  for  by  the  cubic 
yard,  since  its  depth  is  not  generally  known  exactly  beforehand. 

Clearing  and  grubbing  are  generally  done  by  the  acre;  the 
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removal  of  top  soil  by  the  square  or  cubic  yard.  The  handling 
of  the  water  of  any  streams  which  flow  across  the  work  may  be 
made  a lump-sum  item  of  the  contract,  or  may  be  considered  as 
included  in  the  construction  items. 

Lining,  whether  of  concrete,  puddle,  slope-wall,  or  other 
material,  is  generally  paid  for  by  the  square  yard.  The  area  is 
determined  by  a careful  survey  of  the  bottom,  and  of  the  upper 
edge  of  the  slope  lining,  together  with  measurements  from  top 
to  bottom  of  elope  at  25  or  50-foot  intervals. 

Art.  84.  Conduits  and  Distribution  Systems 

Before  the  construction  of  a bench  flume,  slope  stakes 
should  be  set  as  for  a railroad  cut  (except  that  no  part  of  the 
flume  should  come  upon  the  fill),  and  levels  of  the  surface  be 
taken.  After  grading,  center  stakes  are  set  and  the  founda- 
tion piers  or  sills  are  constructed,  care  being  taken  to  have 
these  the  proper  distance  apart  and  at  the  exact  elevations 
desired.  In  the  construction  of  the  flume,  the  dimensions 
and  grade  of  the  flume  should  be  made  to  correspond  exactly 
to  the  plans. 

The  masonry  in  canal  walls  or  lining  should  be  built  in  the 
manner  specified  above  for  dams  and  reservoirs.  Canal  em- 
bankments also  should  be  built  as  are  earth  dams. 

In  the  case  of  stave  pipe  the  staves  should  be  examined 
for  wanes,  shakes,  splits,  knots,  or  other  defects;  and  the 
bands  and  shoes,  for  flaws  of  any  kind.  An  eye  should  be 
kept  upon  the  cinching,  to  see  that  it  is  not  made  too  tight; 
and  upon  the  butt  joints,  to  see  that  each  is  driven  “ home.” 
A table  should  be  prepared  beforehand  from  the  profile  of  the 
line,  showing  the  proper  spacing  of  bands  at  each  station;  and 
the  stations  should  be  designated  upon  the  ground  by  stakes 
properly  marked. 

In  constructing  riveted  pipe,  care  should  be  taken  to  prevent 
abrasion  of  the  coating,  and  if  this  occur,  the  coating  should  be 
renewed  by  use  of  ‘‘  P.  & B.”  paint  or  other  satisfactory  com- 
pound. Rivet  holes  should  line  up  within  a sixteenth  of  an  inch, 
and  rivets  be  well  headed  while  hot. 
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Cast-iron  pipe  should  be  inspected  for  blow-holes,  cold- 
shuts,  plugs,  or  other  defects,  and  tested  by  hammer  for  ^ 
cracks  while  suspended  over  the  trench;  this  in  addition  to 
testing  and  inspection  at  ’ the  foundry  w^hen  made.  Each 
pipe  should  be  sent  “ home  ” in  the  bell.  Yarn  should  be  firmly 
calked  into  the  lead  space,  of  such  thickness  as  to  bring  the  bores 
of  the  two  pipes  into  line,  and  lea\dng  the  required  depth  of 
space  for  the  lead.  The  depth  may  be  ascertained  by  use  of 
a rule  applied  at  various  points  around  the  inside  of  each  bell. 
The  lead  for  each  joint  should  be  run  in  at  one  pouring,  and 
no  cold-lead  plugs  used.  No  inspector  can  tell  whether  a 
joint  is  being  so  calked  as  not  to  leak;  the  test  must  develop 
this  fact.  It  is  a good  plan  to  give  all  the  calkers  punches 
of  different  designs,  and  have  each  mark  plainly  with  his  punch 
each  joint  he  calks.  A deduction  may  then  be  made  from  the 
wages  of  each  for  all  of  his  joints  which  are  found  to  leak  on 
testing. 

The  trenches  for  buried  conduits  should  be  inspected  to 
see  that  they  are  of  the  specified  depth  and  width,  dug  to  the 
proper  line,  of  uniform  grade  on  the  bottom,  and  that  no  rock- 
or  large  stones  protrude  in  the  bottom. 

Bell-holes  for  cast-iron  pipe  should  be  of  such  size  and 
location  as  to  permit  the  barrel  of  the  pipe  to  rest  on  the  ground ; 
and  cross-trenches  for  riveters  on  wrought-iron  or  steel  pipe 
should  be  of  ample  size  to  permit  of  good  work.  In  back- 
filling, no  large  stones  should  be  used  before  the  filling  is  2 feet 
high  above  the  pipe;  and  selected  material  should  be  carefully 
tamped  under,  around,  and  on  top  of  all  pipe,  especially  riveted 
and  wood-stave. 

Before  the  excavation  of  trenches  in  open  country,  the  center 
lines  of  these  should  be  marked  with  stakes  spaced  100  feet  apart 
on  tangents,  but  closer  on  curves;  and  a stake  should  be  driven 
at  one  side  and  directly  opposite  the  point  where  any  special 
device  or  structure  is  to  be  placed,  and  plainly  marked  to 
indicate  what  this  is — as  A.V.  for  air-valve,  V.  for  valve,  H. 
for  hydrant,  etc. 

In  distribution  systems  the  contractor  may  be  given  a list 
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showing  the  distance  of  the  pipe  line  from  the  fence  line  on  each 
street.  But  if  there  be  no  fence,  or  the  location  be  by  offset 
from  the  street  center,  center  stakes  for  the  trench  should  be 
set.  These  should  be  a uniform  distance — say  loo  feet — 
apart,  to  facilitate  finding  them;  and  instead  of  stakes,  large 
spikes  may  be  used,  driven  flush  with  the  street  surface.  A 
stake  should  be  driven  where  each  fire  hydrant  is  to  go,  and 
appropriately  marked.  Stakes  should  also  be  driven,  just  inside 
the  curbing,  opposite  the  location  of  each  valve,  special  casting, 
or  other  break  in  the  continuity  of  the  pipe,  and  marked  V , T , 


Fig.  iio. — Contractor’s  Pipe  and  Special  Map. 

+,  etc.  After  the  pipe  is  strung  in  the  trench,  and  before  calk- 
ing, the  inspector  should  see  that  the  instructions  implied  by 
these  stakes  have  been  followed. 

The  contractor  should  be  supplied  with  a map  of  the  pip- 
ing, showing  not  only  the  size  of  pipe  on  each  street,  but  also 
every  special  piece  which  is  to  be  placed  at  each  point;  the  latter 
information  to  assist  the  teamster  in  delivering  these  where  they 
are  needed.  Fig.  no  shows  a small  section  of  such  a map. 
Thus,  at  A is  required  a lo  X 4-inch  tee,  a lo-inch  valve,  a 
10  X 6-inch  cross,  and  a 10 X 8-inch  reducer;  while  at  B an 
8 X 6-inch  cross,  a 6-inch  plug,  and  an  8-inch  plug  are  required. 
The  inspector  should  see  that  the  pipe  is  of  the  required  size. 
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class,  and  weight  (the  weight  of  each  pipe  is  marked  inside  of 
one  end  by  the  manufacturer)  and  without  defect,  and  is  placed 
at  the  correct  location  and  depth;  that  all  specials  are  placed 
where  directed;  that  traffic  and  pedestrians  are  not  interfered 
with  more  than  is  necessary;  that  blasting  and  other  operations 
are  so  conducted  as  to  endanger  no  lives;  that  valves  and  fire 
hydrants  are  in  good  order,  stuffing-boxes  in  shape  for  service, 
drip  connection  (if  any)  carried  to  the  drain  or  sewer,  hydrants 
at  the  right  depth,  vertical,  and  Well  supported  and  braced  as 
required.  He  should  also  see  that  the  back  filling  and  pa\ing 
are  done  as  specified. 

The  engineer  should  keep  a note-book  in  which  are  entered 
each  line  of  pipe,  its  size,  distance  from  the  fence  or  street 
center,  and  depth  below  the  surface;  with  the  location  of  each 
valve,  hydrant,  or  special  of  any  kind.  The  exact  length  of 
pipe,  hydrant  connections,  etc.,  is  here  recorded;  the  date  of 
beginning  and  completing  the  construction,  and  any  special 
work  calling  for  extra  payment. 

Bench  excavation  is  generally  paid  for  by  the  cubic  yard 
of  earth  and  of  rock.  Conduits  of  whatever  kind  are  paid  for 
by  the  lineal  foot  of  each  size,  weight,  band  spacing,  or  thick- 
ness of  shell;  separate  payments  being  made  for  material  and 
construction,  or  one  payment  to  cover  both.  Valves,  hydrants, 
and  other  special  devices  are  paid  for  at  a price  for  each  in 
position  ready  for  use.  It  is  customary  to  measure  each  line 
of  pipe  from  end  to  end,  making  no  deductions  for  any  inter- 
mediate specials,  these  thus  being  actually  paid  for  twice. 
Where  a pipe  changes  size  by  a reducer,  each  size  is  considered 
as  terminating  in  the  middle  of  the  reducer.  Hydrant  branches 
may  be  measured  as  extending  from  the  center  of  the  main 
pipe  to  that  of  the  hydrant  barrel. 

The  price  bid  for  laying  pipe  generally  includes  excavat- 
ing, placing  and  calking  the  pipe  and  specials,  and  back-filling; 
but  rock  excavation  is  generally  paid  for  extra,  by  the  cubic 
yard.  Removing  and  replacing  pavement  is  paid  for  as  a 
separate  item  in  some  cities,  in  others  is  included  in  the  price 
for  laying.  The  former  is  preferable. 
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The  price  of  cast-iron  pipe  and  specials  is  usually  stated 
per  ton  of  2000  pounds. 

It  is  extremely  desirable  to  test  all  conduits  and  appurte- 
nances under  water  pressure  before  they  are  covered.  In 
sandy  soil  it  is  almost  impossible  to  discover  leaks  in  an  under- 
ground pipe;  although  in  clay  or  loam  these  ordinarily  make 
themselves  apparent  at  the  surface  when  at  all  considerable, 
unless  they  find  an  outlet  into  a sewer  or  other  underground 
channel. 

If  iron  pipe  is  exposed  to  the  sun  for  several  days,  expand- 
ing by  the  heat  and  contracting  at  night,  the  joints  are  made 
to  leak  by  the  motion.  It  is  hence  de- 
sirable to  test  each  section  and  cover  it  the 
day  it  is  laid.  If  the  section  ends  at  a 
•valve,  the  end  is  closed  by  this  for  the 
test;  but  if  not,  a temporary  or  false  head 
may  be  fastened  in  the  end  of  the  last 
pipe.  A convenient  appliance  for  this  is 
shown  in  Fig.  in. 

If  the  pumps  or  reservoir  be  completed 
and  ready  for  service  before  the  conduit  and 
distribution  system  are  laid,  water  for  test- 
Fig.  III.— False  Head  latter  may  be  introduced  into  them, 

for  Testing  Pipe  Line.  and  the  pressure  contributed,  by  these.  In 
many  cases,  however,  the  conduits  and 
the  reservoir  or  pump  are  being  constructed  simultaneously, 
and  this  is  impossible.  The  test  may  then  be  made  by  filling 
the  pipes  by  gravity  or  by  a small  pump  from  some  stream,  and 
applying  pressure  by  a small  steam  or  hand  pump.  The 
water  can  be  introduced  through  a fire  hydrant  or  a special 
casting  left  unplugged,  or  through  a pipe  tapped  into  the  false 
head. 

The  presence  of  air  in  a pipe  line  during  a test  may  result 
in  unnecessary  fracture  of  the  pipe.  If  the  advance  end  of 
the  pipe  is  higher  than  the  remainder,  an  opening  should  be 
provided  here  for  permitting  the  air  to  escape;  all  hydrants 
and  air  escapes  should  be  opened;  and  all  air  removed  from  the 
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system  before  the  pressure  is  applied.  If  a small  hand  pump 
is  used  to  raise  the  pressure,  its  pipe  may  be  connected  with 
a hydrant  nozzle  by  means  of  a bushing,  or  it  may  be  con- 
nected with  the  false  head.  While  the  pressure  is  on,  all  joints 
should  be  examined,  and  any  leaks  found  should  be  calked  until 
the  pipe  is  tight  throughout  and  remains  so  for  a specified 
period;  after  which  the  pipe  should  be  covered.  Valves  and 
hydrants  as  well  as  pipe  should  be  tested  under  pressure. 

While  pipe-laying  is  progressing,  the  open  end  of  the  pipe 
should  be  closed  with  a plug  each  night  to  prevent  the  entrance 
of  animals,  or  of  stones,  sticks,  etc.  Some  refuse  is  almost 
sure  to  enter  the  pipes,  however,  and  when  they  are  first  put 
into  serxdce  all  blow-offs  and  fire  hydrants  should  be  opened 
and  the  pipes  thoroughly  cleaned. 

Fire  hydrants  should  be  inspected  to  see  that  their  valves 
seat  properly  and  are  tight,  and  that  the  drip  acts  whenever 
the  hydrant  is  closed.  If  the  drip  does  not  open,  the  barrel 
remains  full  of  water,  which  is  apt  to  freeze  in  winter;  if  it 
leaks,  water  is  wasted  and,  if  the  drip  is  not  connected  with 
the  sewer  or  drain,  hlls  the  ground  around  the  hydrant,  pre- 
venting the  latter  from  draining  when  shut  off. 

Art.  85.  Other  Features 

Pumps  and  boilers  are  generally  set  and  connected  up 
ready  for  ser\dce  by  the  manufacturer,  who  is  paid  a lump 
sum.  In  a few  instances  it  has  been  provided  that  this  sum 
be  diminished  at  a fixed  rate  if  the  plant  fall  short  of  a given 
duty,  or  increased  if  it  exceed  it.  The  testing  of  pumping- 
engines  has  been  discussed  in  Art.  6i. 

The  foundations  of  the  pumps  and  boilers  are  frequently 
constructed  as  part  of  the  pumping  station.  Plans,  with 
dimensions,  for  these  are  furnished  by  the  manufacturer,  and 
must  be  closely  adhered  to.  If  bolts  are  to  be  built  in  the 
foundation  by  which  to  tie  down  the  engine,  a templet,  with 
holes  bored  in  the  proper  places  through  which  the  upper  ends 
^of  the  bolts  pass,  should  be  used  for  setting  them. 
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In  building  the  chimney,  reliance  should  not  be  placed 
solely  upon  a batter  board,  but  a bolt  should  be  fastened  in  the 
foundation  at  the  center  of  the  shaft  and  plumbed  down  to 
after  every  few  feet  of  added  height.  The  foundation  should 
be  perfectly  solid,  carried  down  to  rock  or  hardpan  if  possible, 
and  of  such  size,  unless  on  rock,  as  to  give  a pressure  of  but 
1 1 to  3 tons  per  square  foot.  It  should  be  carried  as  deep  as 
the  pump  pit,  or.  as  any  other  excavation  within  50  feet  of  it, 
unless  it  first  reach  bed-rock. 

The  above  requirements  hold  for  standpipe  foundations 
also.  The  standpipe  is  always  erected  by  the  manufacturer, 
and  the  tests  are  those  conducted  at  the  factory  on  the  mate- 
rial, and  that  of  filling  the  standpipe  with  water  to  determine 
leakage.  A standpipe  usually  leaks  slightly  when  first  filled, 
but  small  pin-holes  generally  fill  up  in  a few  days.  After  the 
pipe  is  erected,  but  before  painting,  it  should  be  carefully  exam- 
ined for  riveting  cracks  or  other  flaws.  Defective  plates  can  be 
removed  from  any  part  of  a completed  standpipe  and  replaced. 

Wells  are  driven  sometimes  by  the  city  or  water  company, 
more  often  by  contract  at  a fixed  price  per  foot.  In  some 
instances  the  contractor  guarantees  a certain  minimum  >ield; 
in  which  case  the  guarantee  should  extend  through  six  months 
or  more  of  actual  service,  and  should  designate  the  maximum 
depth  to  which  the  ground  water  will  be  lowered  at  the  well 
during  pumping.  In  making  a test  measurement,  the  water, 
discharged  should  not  be  permitted  to  flow  upon  the  surface 
near  the  wells,  as  it  may  then  enter  the  ground  and  be  repumped. 
Samples  should  be  taken  every  few  feet  of  the  material  through 
which  the  well  passes.  Care  should  be  taken  to  have  every 
joint  of  the  casing  made  tight. 

Purification  plants  of  the  slow  sand  ty^e  are  generally  in 
the  form  of  structures  of  concrete  containing  an  underdrain 
system  and  sand.  The  concrete  is  constructed  as  for  reservoir 
work,  with  special  care  to  secure  water-tightness  at  the  bottom 
and  strength  in  the  roof.  The  sand  should  be  closely  inspected 
to  see  that  it  is  clean  and  of  uniform  ^ize  within  the  limits 
specified.  It  should  be  deposited  in  such  a way  as  to  secure 
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uniformity  of  packing — no  walking  or  working  on  it  should 
be  allowed. 

Rapid  sand  filters  are  more  complicated  combinations  of 
concrete,  sand,  piping,  and  various  controlling  de\dces.  Except 
for  occasional  large  plants,  they  are  let  as  a whole  to  parties 
making  a business  of  constructing  them,  under  specifications 
defining  the  area,  and,  in  a general  way,  the  amount  and  nature 
of  automatic  and  manual  controlling  applicances,  apparatus 
for  preparing  and  applying  chemicals,  whether  a clear  water 
basin  is  to  be  included  (an  existing  reservoir  can  sometimes 
be  used  for  this  purpose);  also  a guarantee  by  the  contractor 
of  the  maximum  bacterial  content  of  the  effluent. 

Liquid  chlorine  apparatus  is  purchased  entire  and  set  up 
in  a small  area  of  an  existing  building  or  in  a small  one  (8  or 
lo  feet  square  is  ample)  constructed  for  the  purpose. 

All  designing  of  filtration,  softening  or  other  special  treat- 
ment plants  should  be  entrusted  to  those  who  have  made  a 
specialty  of  this,  and  it  is  generally  desirable  that  the  construc- 
tion also  and  the  operation  during  the  first  few  weeks  be  super- 
vised by  them. 
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PRACTICAL  CONSTRUCTION 
Art.  86.  Reservoirs 

Probably  the  easiest  way  to  clear  wooded  land  is  to  dig 
down  to  and  cut  off  all  tree-roots  a foot  or  more  beneath  the 
surface,  and  then  pull  down  the  trees  by  a rope  previously 
attached  to  them  some  distance  above  the  ground.  There  is 
then  no  stump  to  remove.  If  there  are  stumps,  these  may 
be  burned  out,  pulled  out  by  a stump-puller,  or  blown  up  by 
dynamite.  The  trees  being  down,  the  brush  is  next  cut  with 
sharp  brush-hooks  (the  Spanish-American  machete  is  excel- 
lent for  the  purpose.)  This  and  the  tree-tops  may  be  burned 
in  piles.  A contractors’  plow  may  then  be  used  to  loosen 
the  soil  for  a foot  in  depth;  a heavy-framed,  long- toothed 
harrow  will  drag  out  most  of  the  larger  roots;  and  the  smaller 
roots  and  loam  can  then  be  removed  by  scraper.  This  top 
loam  should  not  be  used  for  embankments,  but  may  be  used 
for  grading  up  low  spots  above  water.  Land  to  be  flooded 
should  be  cleared  of  all  vegetable  growth  just  before  such 
flooding  takes  place,  whether  or  not  it  has  been  cleared  before. 

For  dressing  up  and  banking  the  shores  of  the  reservoir, 
casting  by  shovel  and  short  wheelbarrow  runs  will  generally 
be  found  the  most  effective  methods.  Where  the  soil  is  of 
loam,  sand,  or  gravel,  or  any  material  easily  loosened  by  plow,, 
the  scraper  is  probably  the  most  economical  method  of  excavat- 
ing and  embanking;  unless  the  haul  exceed  about  looo  feet, 
when  a cart,  filled  by  hand  or  by  steam  shovel,  is  more  econom- 
ical. In  either  case,  except  where  a steam  shovel  is  used,  the 
ground  should  be  well  loosened  by  means  of  a rooter-plow  and  a 
2-  to  6-horse  team.  A wheel-scraper  is  preferable  to  a drag 
for  most  work.  In  making  embankment  several  scrapers  should 
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be  used,  and  should  travel  a regular  route,  coming  on  the 
embankment  generally  at  one  or  both  ends,  and  leaving  it  at  the 
other  end  or  the  middle.  One  scraper  to  300  or  400  feet  of  dis- 
tance traveled  by  them  will  generally  keep  all  hands  busy, 
there  being  one  man  in  the  hole  loading  scrapers,  one  on  the  bank 
to  dump  them,  and  a driver  accompanying  each  team. 

If  carts  be  used,  filled  by  hand,  two  are  generally  provided 
for  each  team,  one  being  loaded  while  the  other  is  being  hauled 
to  the  embankment  and  dumped,  the  number  of  men  loading 
each  cart  being  just  sufficient  to  fill  it  while  the  team  is  absent 
with  the  other.  This  number  will  of  course  depend  upon  the 
length  of  haul  and  ease  of  shoveling.  If  the  haul  is  of  consider- 
able length,  it  will  be  better  to  use  three  carts  to  two  teams, 
or  even  four  to  three  teams.  Under  some  conditions,  where  time 
is  a very  important  consideration,  teams  may  be  distributed 
at  a uniform  distance  of  50  to  100  feet  apart  over  the  whole 
course  and  pass  continuously  around  the  circuit,  being  loaded 
by  receiving  a shovelful  from  each  of  50  to  75  men  distributed 
along  the  route  as  they  pass  them,  and  stopping  only  to  be 
dumped.  But  this  is  not  generally  an  economical  method. 
Where  there  is  a sufficient  force  of  carts,  embankment  spreaders, 
rollers,  etc.,  to  keep  it  busy,  a steam  shovel  is  more  economical 
than  hand  shoveling. 

It  pays  to  keep  in  good  shape  the  road  by  which  carts  or 
scrapers  travel  from  the  pit  to  the.  dump.  On  a clay  or  sandy 
soil,  which  is  heavy  in  wet  or  dry  weather  respectively,  a good 
road  can  be  made  of  plank  spiked  to  two  12-foot  stringers  and 
made  up  in  sections  8 feet  long,  with  about  2 feet  of  each  stringer 
protruding  beyond  each  end  of  the  section;  alternate  sections 
having  their  stringers  at  the  ends  of  the  road-plank  and  about 
I foot  from  the  ends,  so  as  to  lap  when  the  sections  are  placed 
together.  This  forms  a portable  road  which  will  give  a good 
surface  if  laid  on  leveled-off  ground.  The  width  may  be  6 
or  8 feet;  and  18  or  22  feet  B.M.  per  running  foot  is  required 
for  these  widths  fsee  Fig.  112). 

Wetting  of  the  embankment  should  be  done  by  a spraying 
nozzle  on  a hose  or  water  cart.  Puddles  are  formed  if  a bucket 
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be  used.  In  case  a stream  is  flowing  near  by  above  the  eleva- 
tion of  the  embankment,  this  can  be  brought  for  use  by  con- 
structing a temporary  earth,  timber,  or  brush  dam  across  it 
and  from  this  carrying  a flume  to  a point  above  the  embank- 
ment. Here  a gate  can  permit  of  filling  a sprinkling-cart,  or  a 
hose  can  be  attached,  the  surplus  water  discharging  from  the 
flume  below  the  embankment.  This  method  can  often  be 
employed  on  impounding  reservoirs.  If  the  flume  would 
be  too  long,  however,  or  the  temporary  dam  too  expensive, 
it  may  be  cheaper  to  fill  the  sprinkling-cart  directly  from  the 
stream  by  means  of  a boat  pump,  diaphragm  or  other  small 
pump,  and  cart  it  to  the  embankment.  In  constructing  a 
distributing  reservoir,  carting  water  is  generally  necessary. 


__i .. 

x: 

1 

i 

w 

V 

\v 

A 

V 

1 


Fig.  1 1 2. — Portable  Plank  Road. 


If  a horse-drawn  roller  be  used,  the  best  kind  is  one  with 
grooves  at  least  2 inches  deep  and  wide  in  its  face.  When  a 
steam  roller  is  used,  the  wheels  may  be  smooth  faced,  but  the 
author  prefers  grooves  for  this  also. 

For  dressing  the  face  of  an  embankment,  a broad  grub-axe 
is  the  best  tool.  A foothold  is  furnished  by  a plank  having 
cleats  nailed  to  it  about  a foot  apart,  which  is  kept  from  sliding 
down  the  bank  by  a stake  driven  at  its  lower  end.  The  bank 
is  first  graded  under  the  templet,  beginning  at  the  top,  and  is 
surfaced  by  eye  between  templets.  Selection  should  be  made 
by  trial  of  men  who  can  obtain  the  most  uniform  surface  in  this 
manner.  The  surplus  dirt  removed  in  this  dressing  can  be  used 
for  filling  in  low  places  left  for  this  purpose,  or  on  the  outside 
of  the  embankment. 

Puddle,  when  made  by  mixing  different  materials,  should 
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be  measured  and  turned  over  carefully  by  hand  or  in  a mixer 
with  as  much  thoroughness  as  is  concrete,  before  being  put  in 
place.  It  may  then  be  thoroughly  rolled;  but  a better  puddle 
is  made  if  it  be  rammed  by  barefooted  or  rubber-booted  men 
with  small-headed  rammers,  or  if  trodden  by  cattle.  In  India, 
goats  are  much  used  for  this  purpose,  and  they  were  used  on  the 
Santa  Fe  dam  in  this  country.  If  there  be  lumps  of  clay  in 
the  material,  these'  should  be  fine-cut  by  spades  before  mixing; 
but  if  ready-mixed  hardpan  be  used,  this  may  first  be  rolled  to 
break  up  the  lumps,  and  then  wetted  and  puddled.  Puddle 
should  never  be  wet,  but  only  quite  damp,  and  the  materials 
should  be  thoroughly  mixed. 


Broken  stone  for  lining  is  generally  carried  to  the  top  of  the 
‘ slope  and  from  there  lowered  to  where  wanted,  wooden  chutes 
being  convenient  for  this  purpose.  Slope-wall  stone  is  delivered 
to  the  workmen  in  the  same  way.  But  derricks  are  to  be  pre- 
ferred if  the  work  is  of  considerable  size. 

Concrete  for  slopes  is  sometimes  delivered  through  chutes 
directly  from  a mixer  on  the  top  of  the  bank;  but  when  it  is, 
and  is  as  dry  as 'is  generally  necessary,  it  must  often  be  remixed 
before  using,  as  the  stone  is  apt  to  separate  out.  It  is  better, 
on  small  jobs,  to  construct  a wheelbarrow  run  along  the  slope, 
maintaining  it  at  such,  a position,  by  frequently  moving  it  up 
the  slope,  that  the  material  can  be  dumped  directly  upon  the 
top  of  concrete  already  in  place.  It  should  never  be  dumped 
upon  the  ground,  to  slide  or  roll  down  the  slope.  If  a plank 
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be  held  as  shown  in  Fig.  113  to  catch  the  concrete  when  dumped, 
none  need  be  wasted.  The  run  can  rest  upon  supports  driven 
in  the  bank  as  shown,  and  spaced  about  6 feet  apart. 

On  large  jobs  the  use  of  tower  and  chutes  is  common;  but 
this  method  of  handhng  concrete  requires  that  it  be  thinner 
than  can  be  handled  on  slopes;  besides  which,  it  is  believed 
that  a concrete  is  more  impervious  if  less  water  be  used  than 
this  method  requires. 

Concrete  on  slopes  is  generally  laid  in  horizontal  and  not 
vertical  strips;  as  by  the  latter  method  that  at  the  bottom, 
not  being  set  before  the  top  is  placed,  will  be  pushed  out  of 
position  by  the  weight  of  that  above,  and  the  whole  strip  of 
concrete  tend  to  slide  down  the  bank.  Concrete  lining  should 
be  lightly  rammed,  and  carefully  brought  to  surface. 

Concrete  for  the  bottom  should  be  deposited  where  needed, 
and  never  shoveled  up  off  the  ground.  A pa\dng  concrete  mixer 
can  be  used,  depositing  the  concrete  directly  in  place,  the  cement 
and  aggregate  being  brought  to  it  by  wheelbarrows  over  bottom 
not  yet  concreted.  Both  here  and  on  the  slopes,  the  proper 
thickness  and  surface  elevation  can  be  obtained  by  the  use  of 
steel  or  wooden  forms,  such  as  are  used  in  concrete  pavement 
construction,  set  accurately  to  grade. 

If  a masonry  dam  be  less  than  20  feet  high,  probably  the 
best  way  of  handling  the  stone  is  by  derricks  on  the  ground. 
If  it  be  higher  than  this,  derricks  can  be  placed  upon  the  dam, 
and  provided  with  main-falls  sufficiently  long  to  reach  the  ground 
and  raise  the  materials  from  there.  But  the  derricks  must 
be  raised  continually  as  the  dam  rises;  and  this  raising  is  a 
source  of  expense,  and  of  delay  unless  done  out  of  working- 
hours.*  To  permit  of  raising,  the  guys  should  be  adjustable  in 
length.  A gin-pole  can  be  used  for  Hfting  the  derrick-masts. 

In  some  instances  a traveling  derrick  is  used,  the  track  on 
which  it  runs  being  supported  on  a scaffold  which  rests  against 
one  face  of  the  dam,  or  on  a timber  trestle  paralleling  the  dam. 
The  cableway  has  been  much  used  for  bringing  material  to  the 

* In  constructing  the  New  Croton  dam,  the  derricks  were  mounted  on  steej 
towers,  which  were  built  into  the  masonry. 
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Fig.  1 14. — Use  of  Derricks  and  Cableways  in  Buildinj^  Ashokan  Dam. 

Stiff-legged  derricks  used  in  setting  stones  that  arc  brought  to  them  by  the  cableway.  In  the  backgrouncl,  behind  the  cableway  towers, 

is  seen  a core  wall  for  earthen  embankment. 
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dam,  and  is  generally  the  most  economical  contrivance  when  the 
dam  is  of  considerable  size.  Spans  of  2000  feet  and  more  have 
been  used.  The  cable  is  generally  used  for  bringing  the  material 
from  the  cars  or  carts  at  one  end  of  the  dam  to  where  it  is  needed 
but  not  for  setting  the  stones,  both  because  the  cable  extends  only 
over  the  center  line  of  the  dam,  and  because  its  swa}dng  prevents 
a nice  adjustment  of  the  stone.  Derricks  are  generally  used  for 
setting  the  stone. 

Water  for  mixing  mortar  and  washing  the  stones  can  be 
brought  by  flume,  as  for  embankments,  or  in  casks  by  derrick 
or  cableway.  Mortar  should  not  be  mixed  on  the  wall,'  for 
several  reasons. 

The  faces  of  small  concrete  dams  may  be  made  against 
forms;  but  for  large  dams  the  more  common  practice  is  to  build 
the  faces  of  stone  or  concrete  blocks,  the  space  between  being 
filled  with  concrete  thoroughly  worked  into  complete  contact 
with  the  backs  of  the  blocks.  The  blocks  are  kept  about  one 
course  above  the  concrete.  Even  for  small  dams  this  gives  a 
better  appearance  than  when  forms  are  used. 

In  the  construction  of  impounding  reservoirs,  the  handling  of 
the  stream  is  frequently  troublesome  and  difficult.  It  is  gen- 
erally necessary  to  carry  it  over  the  heart-wall  trench  in  a 
flume.  The  outlet  pipes  and  base  of  the  gatehouse  may  some- 
times be  constructed  first,  and  the  stream  turned  through  these; 
it  being  meantime  carried  around  the  structure  in  its  natural 
channel,  or  in  an  artificial  canal  or  flume,  into  which  it  is  turned 
by  a temporary^  diverting  dam.  The  great  danger  is  from  sudden 
floods;  and  until  such  time  as  the  dam  forms  a basin  capable 
of  holding  so  much  of  the  entire  maximum  yield  of  a storm — 
say  3 to  5 inches  over  the  entire  drainage  area — as  the  outlet 
pipes  will  not  discharge,  this  dam  and  flume  should  be  able 
to  carry  such  flood  around  the  works.  Should  water  overflow 
an  embankment  it  may  destroy  it.  If  a masonry  dam  under 
construction  is  overflowed,  it  may  afterward  be  necessary  to 
remove  the  top  stones  because  of  cement  washed  out  of  and 
dirt  deposited  in  the  joints.  Derricks  and  all  movable  plant 
are  likely  to  be  washed  away,  also.  It  is  of  course  desirable 
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to  build  the  lower  part  of  a dam  during  a season  free  from 
rainstorms;  and  this  is  particularly  true  of  a cut-off  wall,  or 
such  part  of  the  dam  as  is  below  the  natural  surface. 

Art.  87.  Distribution  System 

Iron  pipe  is  generally  delivered  to  a contractor  in  gondola  or 
dat  cars  on  a siding,  and  must  be  unloaded  and  distributed  by 
him.  Ordinary  4-,  6-,  and  even  8-inch  pipe  can  be  loaded  onto 
a wagon  by  rolling  it  down  two  skids  about  9 feet  apart  placed 
from  the  wagon  to  the  top  of  the  car-side;  it  being  controlled 
by  a rope  passing  around  each  end,  one  end  of  which  is  fastened 
to  the  car  and  the  other  held  by  hand  and  payed  out.  Two 
men  in  the  car  lift  the  pipe  onto  the  skids  and  hold  the  ropes, 
and  one  in  the  wagon  receives  it.  For  heavier  pipe,  three  or 
four  men  in  the  car  and  two  in  the  wagon  are  required;  or  a 
yard-derrick  or  portable  stiff-leg  may  be  used  for  unloading. 

The  pipes  are  distributed  along  one  side  of  the  street,  and 
care  should  be  taken  that  they  are  the  right  size  and  class, 
and  that  Just  enough  are  strung  along  each  block  to  lay  the  line 
without  any  rehandling.  In  unloading  small  pipe,  one  end  of 
the  pipe  is  placed  on  the  ground  while  the  other  rests  in  the  wagon ; 
a bag  of  hay  or  a woven  rope  pillow  is  placed  under  the  tail  of 
the  wagon,  upon  which  the  pipe  fails  when  the  wagon  is  started 
forward.  Large  pipe  should  be  unloaded  by  skids,  as  when 
unloading  cars,  the  ropes  around  the  pipe  being  payed  out  by 
winches  operated  by  hand,  or  by  the  engine  of  the  motor  truck 
if  such  a truck  be  used  for  hauling  the  pipe.  Pipes  are  generally 
delivered  on  the  side  of  the  street  opposite  that  on  which  they 
are  to  be  laid. 

In  excavating  trenches,  the  paving  is  generally  placed  on 
the  side  toward  the  center  of  the  street,  thus  serving  as  a guard 
for  vehicles,  and  the  dirt  is  thrown  toward  the  sidewalk.  By 
this  arrangement  the  pipes  do  not  need  to  be  lifted  over  the  dirt- 
pile  when  placed  in  the  trench.  Fig.  115  shows  a method  of 
preventing  the  excavated  dirt  from  blocking  the  sidewalk  and 
from  stopping  the  gutter-flow.  The  first  earth  cast  out  should 
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be  thrown  to  what  will  be  the  outside  edge  of  the  bank,  since 
it  cannot  be  thrown  there  when  the  trench  is  deeper  without 
double  handling. 

Excavating  in  winter  is  expensive,  but  must  sometimes  be 
done.  It  is  facihtated  by  thawing  the  surface  along  the  line 
of  the  trench.  This  has  been  done  by  the  application  of  manure 
for  a day  or  two  before  excavation,  or  of  salt.  A quicker 
method  is  to  use  boxes  about  24  inches  wide  and  1 2 inches  high, 
placed  close  together  in  parallel  lines  on  the  line  of  the  proposed 
trench,  all  joints  and  the  ends  being  covered  with  bagging  and 
earth.  These  are  then  filled  with  steam  from  a portable  boiler 
through  a steam  hose.  The  cost  of  thawing  by  this  method 
in  Providence,  R.  I.,  was  1.7  cents  per  square  foot. 


In  blasting  rock,  the  drill-holes  should  be  3 or  4 inches 
deeper  than  the  required  trench  bottom;  with  certain  kinds 
of  rock  or  pitch  of  strata  still  deeper  holes  may  be  necessary. 
Each  blast  should  be  covered  by  bundles  of  branches  or  small 
trees  tied  into  fascines,  or  by  planks  or  logs  chained  together; 
the  former  better  preventing  small  stones  from  fi}dng.  If  the 
earth  banks  near  by  are  not  quite  solid,  they  should  be  braced 
before  the  blasting.  In  case  of  boulders  it  is  often  cheaper 
to  remove  these  bodily  than  to  blast  them  in  the  trench  at 
risk  of  caving  the  banks. 

Trenching  machines  are  used  in  favorable  soil,  these  being 
in  the  form  of  a revoking  wheel  carrying  scoop  buckets  on  its 
circumference,  or  a double  link  belt  carrying  numerous  similar 
buckets  and  carried  by  an  adjustable  boom.  Or  a steam  shovel 
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with  a long  dipper  arm  is  used.  These  are  troublesome  to 
operate  where  numerous  service  pipes  cross  the  trench. 

It  is  desirable  to  place  the  pipe  in  the  trench  as  soon  -as 
possible.  If  caving  of  the  banks  occurs  afterwards,  only  the 
bells  need  to  be  uncovered  for  making  the  joints. 

Four-,  6-,  and  8-inch  pipe  can  be  lowered  into  the  trench 
by  two  men,  by  means  of  ropes  passed  around  either  end  of 
the  pipe.  Each  man  slips  under  one  end  of  the  pipe,  as  it 
rests  on  the  bank  of  the  trench,  a knotted  end  of  a rope.  Stand- 
ing on  this  he  holds  the  other  end  in  his  hand,  and,  by  paying 
it  out,  lowers  the  pipe  into  the  trench.  Then,  straddling  the 
bank,  these  men  lift  the  pipe  clear  of  the  trench  bottom,  while 
a third  pushes  it  home  into  the  bell  of  the  pipe  last  laid,  a fourth 
meantime  passing  a strand  of  packing  around  the  spigot  of  the 
pipe  just  back  of  the  bead,  and  guiding  it  into  the  bell.  The 
third  man  is  provided  with  a wooden  bar  which  he  thrusts  into 
the  bell-end  a foot  or  so,  and  by  which  he  pushes  and  lifts  the 
pipe.  With  this,  under  the  foreman’s  direction,  he  shifts  the 
pipe  into  the  correct  position.  A straight  line  of  pipe  gives 
joints  that  are  more  easily  made  and  stronger  than  does  a 
crooked  one,  it  has  a more  workmanlike  appearance,  and  causes 
less  friction  of  water  passing  through  it. 

For  heavy  pipe  some  other  method  of  lowering  is  neces- 
sary, and  some  form  of  derrick  is  generally  used,  one  light 
and  easily  portable  being  necessary.  Fig.  ii6  shows  a good 
appliance  for  this  work,  for  heavy  pipe.  The  derrick  is  carried 
along  the  trench  by  three  men,  and  is  rolled  from  street  to  street 
on  its  own  wheels.  For  light  pipe  the  drum  and  wheels  may  be 
omitted,  the  fall  being  payed  out  by  hand.  While  being  lowered, 
the  pipe  is  guided  by  the  two  men  in  the  trench.  Before  lower- 
ing, the  pipe  is  rolled  onto  skids  which  span  the  trench,  and  which 
are  removed  when  the  pipe  is  suspended  from  the  derrick. 
Some  contractors  have  used  a portable  derrick  for  lowering 
heavy  pipe,  others  the  dipper  arm  of  a steam  shovel,  and  others 
the  heavy  traveler  of  a sewer  excavating  machine. 

The  laying  of  pipe  should  be  begun  at  a special  whose  posi- 
tion is  fixed — as  a valve,  or  an  intersecting  pipe-line.  The 
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pipes  are  laid  in  succession  until  near  where  another  special 
comes,  when  this  special  is  put  in  place  and  the  closing  length 
of  pipe — which  will  generally  be  less  than  a full  length — is 
temporarily  omitted,  the  laying  beginning  again  with  this  special. 
Behind  this  gang  come  two  men  who  fit  and  cut  the  closure. 
The  length  required  is  accurately  measured,  and  a piece  about 


j inch  shorter  is  cut  from  a pipe,  and  is  sprung  into  place  by 
raising  one  or  two  pipes  on  either  side  of  it,  entering  spigots 
into  bells  and  dropping  all  into  position  again.  In  cutting 
cast-iron  pipe,  a ring  is  marked  around  the  pipe  for  a guide,  a 4 
by  4 to  6 by  6 pillow-block  is  placed  under  the  pipe  at  this  ring, 
and  by  successive  applications  of  a dog-chisel  (Fig.  117,  i)  and 
an  8-  or  lo-pound  sledge  a slight  cut  is  made  around  the  pipe. 
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This  cut  is  made  deeper  and  deeper,  the  pipe  being  meantime 
rolled  back  and  forth  along  the  pillow-block,  and  the  blows  of 
the  sledge  being  made  heavier  and  heavier,  until  at  length  the 
pipe  breaks  off  at  this  ring.  If  the  iron  be  good  and  the  sledge- 
blows  not  too  heavy  at  the  beginning,  there  is  little  danger  of 
breaking  the  pipe  except  where  desired.  Iron  chips  are  apt 
to  fly  into  the  eyes  of  the  workmen  during  this  operation,  and 
eye-shields  of  transparent  celluloid  are  recommended  for  use. 

Fire  hydrants  are  set  and  their  branches  laid,  generally  by 
this  second  gang,  and  the  blocking  placed  behind  the  hydrant. 


Fig.  1 1 7. — Yarning  and  Calking  Tools. 

I.  Pipe-cutting  chisel.  2.  Yarning  iron.  3.  Calking  tool.  4.  Calking  hammer. 

All  valves  and  specials  and  other  appurtenances  requiring  lead 
joints  are  set  in  position,  in  order  that  the  lead-gang  may  not 
need  to  revisit  this  line. 

After  the  pipe  is  laid  a “ yarner  ” places  the  packing.  A 
tightly  twisted  length  of  packing,  long  enough  to  go  around 
the  pipe,  is  inserted  between  the  bottom  of  a bell  and  its  spigot, 
and  pushed  back  to  the  shoulder  of  the  bell;  the  spigot  being 
lifted,  if  necessary,  by  driving  a steel  wedge  between  it  and  the 
bell,  until  the  annular  space  at  the  bottom  is  slightly  greater 
than  that  at  the  top.  The  packing  is  then  calked  tightly  back 
against  the  shoulder  of  the  bell  all  around,  more  being  added 
where  necessary  to  leave  just  the  required  depth  of  lead  space. 
Tarred  packing  can  be  calked  harder  and  is  easier  to  handle 
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than  untarred.  To  hold  the  molten  lead  in  the  Joint  when  it  is 
poured,  either  a ‘‘  clay  roll  ” or  a jointer  are  required.  The 
former  is  made  of  dampened  fire-clay  molded  around  a strand 
of  rope  a little  longer  than  the  circumference  of  the  pipe;  but 
the  asbestos  jointer  has  almost  entirely  superseded  the  home- 
made roll.  This  is  placed  around  the  pipe  and  pressed  firmly 
against  the  bell  face,  the  two  ends  being  brought  together  on 
top,  but  leaving  a pouring-hole,  into  which  the  lead  is  poured 
slowly  but  steadily  until  it  is  about  to  overflow  the  pouring- 
hole.  In  ten  or  fifteen  seconds  the  lead  will  be  hard,  and  the 
jointer  may  be  removed  to  the  next  joint. 

The  lead  is  melted  in  a kettle  supported  in  a small  portable 
furnace  in  which  charcoal  is  used  for  fuel,  or  an  oil-burning 
furnace  made  for  this  purpose.  The  molten  lead  is  carried  from 
the  kettle  to  the  pipe  in  a ladle,  from  which  it  is  poured  into  the 
joint.  If  the  pipe  be  larger  than  lo  or  12  inches,  a two-handled 
ladle  is  necessary,  handled  by  two  men  both  on  the  surface 
and  in  the  trench;  and  for  very  large  pipe  the  lead  is  poured 
from  a kettle  suspended  over  the  joint  by  a light  derrick. 

When  the  jointer  is  removed,  the  lip  of  lead  at  the  pouring- 
hole  is  cut  off,  a chisel  is  driven  lightly  between  lead  and  pipe 
all  around,  and  the  calking  tools  are  then  used  (see  Fig. 
1 17).  The  lead  at  the  bottom  is  compacted  first,  and  calking 
proceeds  up  both  sides  until  the  top  is  reached.  In  calking 
pipe  up  to  16  or  18  inches  in  diameter,  the  calker  passes  one 
arm  around  each  side  of  the  pipe,  holding  the  calking-tool 
in  one  hand  and  the  hammer  in  the  other.  For  calking  the  bot- 
toms of  joints  in  very  large  pipe  the  men  work  in  pairs;  each 
hooking  a leg  and  arm  in  that  of  his  fellow,  one  holds  a calking- 
tool  and  the  other  the  hammer  in  his  free  hand,  and  they  are 
thus  able  to  reach  the  bottom  of  the  pipe.  Some  contractors 
have  used  to  advantage  pneumatic  calkers  (operating  on  the 
principle  of  pneumatic  riveters)  operated  by  portable  air  com- 
pressors that  are  wheeled  along  the  street  near  the  trench. 
The  lead  should  be  upset  and  thoroughly  driven  until  there  is 
nc  more  “ give  ” to  it.  The  lips  and  other  pieces  of  lead  are 
saved  and  remelted. 


DISTRIBUTION  SYSTEM 


463 


The  line  is  now  ready  to  be  tested;  and  after  all  leaks  that 
are  revealed  by  the  test  have  been  stopped  by  recalking,  the 
trench  may  be  refilled.  The  backfilling  should  be  thoroughly 
tamped  in  6-inch  layers,  if  in  a street;  but  if  in  fields  or  woods, 
this  expense  may  be  avoided. 

In  placing  the  ordinary  extension  valve-boxes,  their  tops 
should  be  set  accurately  to  grade  if  the  trench  is  to  be  well 
rammed;  but  if  the  backfilling  is  thrown  in  un tamped,  the  top 
should  be  set  a little  below  the  top  of  the  filling,  and  perhaps 


Fig.  1 1 8. — Constructing  42  and  24-inch  C.  I.  Siphons  across  River  by  Coffer  Dam 

Method. 

twice  as  much  above  the  original  street-surface;  when  the 
trench  has  settled  they  will  then  be  flush  with  the  surface,  as 
they  should  be. 

In  crossing  streams  under  water  the  methods  described  in 
“ Sewerage,”  Art.  74  (seventh  edition)  may  be  employed.  Many 
other  plans  have  been  followed,  however,  the  details  varying 
in  almost  ever  case.  In  one  case  a 72-inch  pipe  was  put  together 
in  two  sections,  each  about  95  feet  long,  bulkheads  were  built 
in  each  end  of  these,  they  were  floated  over  a trench  dug  in  the 
bottom  to  receive  them,  and  sunk  to  place  by  admitting  water 
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into  them,  the  abutting  ends  being  connected  by  a diver.  In 
another  case  a main  119  feet  long,  weighing  63,300  pounds, 
48  inches  diameter,  was  lowered  as  a whole  by  derricks.  In 
other  cases  pipes  have  been  lowered  singly  and  jointed  by  divers. 
But  in  the  majority  of  cases  flexible  joints  are  used,  generally 
at  intervals  of  several  pipes.  The  pipe  is  then  laid  from  scows, 
through  the  ice,  or  connected  on  shore  and  dragged  across 
the  river  bottom.  Joints  can  be  made  under  water  with  ordi- 
nary bell-and-spigot  pipes  by  use  of  lead  wool  calked  into  the 
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Fig.  1 19. — Two  Types  of  Flexible  Joints  for  Cast-iron  Pipe. 

Either  can  be  deflected  about  13°.  Used  chiefly  in  laying  pipe  under  water. 

joint,  preferably  with  a pneumatic  calking  machine,  a diver 
performing  the  work  if  it  is  more  than  2 feet  deep. 

Art.  88.  Wells 

Dug  wells  for  water  works  are  generally  not  less  than  12 
feet  in  diameter,  and  must  always  be  sheathed  and  braced. 
They  are  generally  circular  in  plan,  since  a given  amount  of 
material  will  thus  make  a stronger  wall  and  give  greater  capac- 
ity. The  sheathing,  however,  is  seldom  made  circular,  owing 
to  the  difficulty  of  forming  the  wales  or  ribs.  (Sheathing  is 
not  required  when  the  walls  of  the  well  are  built  above  the 
surface  and  sunk  bodily  into  the  ground.)  It  is  generally  made 
square  or  octagonal  in  plan,  each  course  of  wales  being  composed 
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of  four  or  eight  lengths  of  4 by  4 to  12  by  12  timber,  strongly 
braced  together  at  the  ends,  as  at  a and  h,  Fig.  120.  It  is  not 
advisable  to  make  any  one  wale-piec^  more  than  8 or  10  feet 
long,  and  6 feet  is  a safer  limit  unless  braces  are  used  across  the 
well.  This  limits  an  unbraced  well  to  \2  to  20  feet  outside,  or 
say  9 to  16  feet  inside,  diameter.  Bracks  across  a well  which 
is  larger  than  this  require  to  be  stiffened  against  buckling,  and 
the  danger  of  collapse  increases  rapidly  with  the  diameter.  For 


Fig.  120. — Sheathing  Dug  Wells. 


large  wells  the  method  d may  be  adopted,  the  excavation  being 
practically  an  annular  trench  around  the  earth  core  </,  which  can 
be  well  braced,  and  will  not  collapse  because  of  the  failure  of  one 
brace  or  wale.  This  trench  is  carried  to  the  required  depth 
and  the  wall  is  built  in  it,  earth  being  packed  between  the 
wall  and  the  outer  sheathing  as  the  former  is  built,  and  all 
braces  being  left  in.  After  the  wall  is  completed  the  center 
core  is  excavated  and  inside  sheathing  removed.  The  braces 
may  be  sawed  off  at  the  inside  face  of  the  wall;  or  may  be 
pulled  out  and  the  openings  in  the  wall  filled  up,  or  these  may  be 
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left  to  serve  as  weep-holes.  ; This  construction  can  be  used  for 
any  size,  shape,  and  depth  of  well. 

With  either  of  these  .methods  the  earth  is  best  removed 
by  “ staging  ” it  out,  down  to  about  15  feet,  below  which  a 
derrick  and  large  dirt-buckets  are  more  economical.  The 
derrick  may  be  placed  on  d in  the  annular-trench  plan,  but  is 
preferably  placed  a few  feet  back  from  the  well  on  firm  soil. 
The  boom  should  be  long  enough  to  remove  the  dirt  some 
distance  from  the  well;  unless  it  be  immediately  carted  away, 
which  is  the  better  plan,  since  the  weight  of  extra  dirt  on  the 
surface  around  the  well  adds  to  the  strain  on  the  wales  and 
braces,  and  none  should  be  placed  within  20  or  30  feet  of  the 
excavation.  At  30  feet  depth  a horse-power  derrick  can  handle 
three  half-yard  buckets  filled  by  six  men ; below  this  not  so  many 
diggers  per  derrick  can  be  used.  With  a steam-power  derrick 
four  I -yard  buckets  and  15  to  18  men  can  be  kept  busy.  These 
quantities  are  approximate  averages. 

When  wood  sheathing  is  used,  planks  longer  than  10  or  12 
feet  cannot  ordinarily  be  used,  and  for  wells  deeper  than  this, 
double  sheathing  must  be  used,  as  at  c.  But  steel  sheet  piling 
is  in  common  use  now,  and  this  can  be  driven  to  much  greater 
depth. 

Another  method  of  sinking  wells,  which  does  away  with 
bracing,  consists  of  sinking  the  masonry  lining  into  the  ground 
by  its  own  weight.  A stiff  timber  or  iron  footing  is  placed  in 
the  bottom  of  an  ordinary  circular  hand-dug  well  8 or  10  feet 
deep,  and  on  this  the  masonry  wall  is  built.  When  the  wall  has 
been  built  up  to  the  ground-level,  the  soil  is  excavated  from  under 
the  footing  equally  all  around,  and  the  wall  sinks  of  its  own 
weight.  This  operation  is  continued,  the  wall  being  kept  built  up 
to  the  surface  level,  until  the  required  depth  is  reached.  The 
footing  generally  extends  several  inches  outside  the  wall,  and  is 
frequently  provided  with  a sharp  cutting-shoe  around  its  outer 
edge.  The  outside  of  the  wall  should  be  plastered  and  made 
smooth,  or  board  sheathing  placed  around  it  nailed  to  furring 
built  in  the  wall,  to  reduce  the  friction  between  the  wall  and  the 
soil  if  the  latter  settles  against  it,  as  it  generally  does.  The 
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greatest  danger  is  that  the  well  will  get  out  of  plumb  by  the 
more  rapid  settling  of  one  side  than  of  the  other.  If  the  wall 
“ hangs  ” at  any  time  and  refuses  to  settle  vertically,  the  excava- 
tion under  the  footing  should  be  stopped  at  a uniform  level  all 
around  and  not  more  than  6 to  1 2 inches  under  the  footing,  and 
not  continued  until  the  wall  has  settled  down  to  a bearing.  Care 
must  be  taken  that  the  excavation  under  the  footing  is  at  all 
times  level.  A “ hung  ’’  wall  is  lowered  by  building  it  higher  or 
loading  it  on  top  with  pig  iron,  helped  in  extreme  cases  by 
the  careful  application  of  water-jets  around  the  outside  of  the 
well  to  loosen  the  soil. 

In  all  well  work  the  water  must  of  course  be  kept  out. 
For  this  purpose  a pulsometer  is  excellent  for  handling  small 
amounts  of  water,  a centrifugal  pump  for  larger  amounts.  Re- 
ciprocating pumps  are  sometimes  used,  but  are  subject  to 
great  wear  from  muddy  water.  A centrifugal  pump  is  frequently 
run  by  belt  from  the  surface.  If  electricity  is  available,  an 
electric  motor  geared  to  the  centrifugal  pump  is  advisable, 
since  the  belts  are  apt  to  slip  in  a damp  well,  and  are  greatly 
in  the  way. 

Pump  pits  are  built  in  the  same  manner  as  are  wells,  except 
that  their  walls  are  made  heavier  and  water-tight  and  a water- 
tight foundation  is  provided.  Concrete  is  almost  always  used 
for  pump  pits,  and  often  for  wells. 

Small  i|-  or  2-inch  wells  not  more  than  30  or  40  feet  deep 
are  sunk  through  the  softer  soils  by  simply  driving  them  down 
with  a hammer;  but  this  is  generally  impracticable  through 
hardpan  and  large  gravel,  and  of  course  through  rock.  Such 
small,  shallow  wells  are  not  advised  for  water  works,  but  4- 
to  1 2 -inch  wells  through  clay  or  rock  should  generally  be  em- 
ployed. The  best  method  of  sinking  these  in  most  cases  is  by 
the  “ jetting  down  ” process.  A small  pipe,  whose  diameter 
is  about  one-third  to  one-half  that  of  the  well-casing,  is  placed 
inside  the  casing  and  water  is  forced  through  it  by  a pump, 
passing  up  between  the  two  pipes  and  out  at  the  top  of  the  larger. 
The  jet  from  the  bottom  of  the  water  pipe  loosens  the  soil,  and 
it  is  carried  up  by  the  ascending  water.  As  the  soil  is  thus  re- 
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moved  the  casing  is  driven  down  by  a hammer._^The  water- 
pipe  is  generally  given  a churning  up-dhd-down  motion  in  firm 
soils.  In  sand  or  loam  it  will  in  most  Cases  drop  more  rapidly 
than  the  casing  can  be  made  to  follow.  An  arrangement  for 
this  work  is  shown  in  Fig.  121.  As  both  water  and  casing  pipe 
are  lowered,  they  are  extended  by  screwing  additional  pieces  onto 


Fig.  1 21. — Apparatus  for  Jetting  Down  Wells. 


their  top  ends.  The  casing  is  held  upright,  and  the  water 
pipe  is  supported  and  churned,  by  a derrick.  Ropes  from  the 
water  pipe  and  hammer  pass  through  sheaves  at  the  top  of 
the  derrick  to  a two-drum  hoisting-engine,  or  a cam-and-lever 
well-boring  engine.  In  sand  and  clay  10  to  20  feet  per  hour 
can  be  sunk  by  this  method.  The  most  difficult  material  is 
gravel,  the  jet-water  passing  out  through  the  gravel  and  not 
up  the  casing. 
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Rock  of  course  cannot ‘be  bored  by  this  method,  but  when 
this  is  encountered  either  a diamond-drill  is  used,  or,  as  is 
more  common,  a two-,  three-,  or  four-sided  cutting-drill,  to 
which  are  fastened  drill-rods  and  “jars”  to  increase  the  force  of 
the  blow,  the  drill  being  raised,  revolved  a few  degrees,  and  let 
fall  with  each  blow.  The  drill  is  lowered  through  the  casing. 
If  the  casing  is  to  follow  through  the  rock,  an  expansion  drill 
is  used.  The  chips  are  washed  out  of  the  hole  by  water-jet. 

A casing  can  generally  be  driven  400  to  800  feet,  after  which 
the  friction  becomes  so  great  as  to  prevent  further  motion. 
A smaller  casing  is  then  lowered  inside  this  and  carried  down 
another  400  to  800  feet. 

The  casing  is  generally  lap-welded  wrought-iron  pipe,  with 
screw-joints;  the  coupling  being  made  by  a sleeve,  or  by  a 
“ flush- joint,”  i.e.,  half  the  thickness  of  the  metal  is  removed 
from  the  outside  of  one  pipe  and  the  inside  of  the  other  for  a 
distance  of  3 to  6 inches  from  the  end,  and  threads  are  cut 
on  these,  the  pipes  when  screwed  together  being  thus  flush 
both  inside  and  out;  or  by  an  “ inserted  ” joint — one  end  of 
'each  pipe  being  expanded  and  threaded  inside,  thus  prac- 
tically forming  a sleeve.  In  the  California  or  “ stovepipe  ” 
well,  two  sizes  of  pipe  are  used,  one  just  slipping  inside  the  other, 
each  of  them  of  No.  10  to  14  gauge  steel;  the  lengths  being  so 
placed  that  the  inner  and  outer  pipes  break  joints.  This  gives 
a smooth  surface  both  inside  and  out. 
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